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Abstract
Sustainable energy sources, such as solar panels and wind turbines, have attracted
ever-growing attention due to concerns about the issue of climate change. The
utilization of these energy sources relies on the availability of large-scale energy storage
systems. Currently, lithium-ion batteries (LIBs) have been widely used as power
sources for portable electronic devices due to their high voltage, long cycle life, and
ability to operate at ambient temperature, but the low abundance of lithium resources
will make it hard to meet the demands of large-scale applications. Sodium-ion batteries
(SIBs) are believed to be a promising alternative to LIBs due to the abundant natural
resources of sodium. As is well-known, the key to success in the development of
advanced SIBs to meet the renewable energy market demands is the electrode materials.
It is thus necessary to develop and employ cost-effective electrode materials with the
capacity for high energy density, high cycling stability, and excellent rate capability.
Thus, more and more investigations on sodium ion batteries (SIBs) have been emerging
in recent years.
The conducting polymer polypyrrole (PPy) and N-doped carbon especially with
three-dimensional (3-D) structure have been proved to be excellent supporting and
conducting agents due to their high electrical conductivity and structural stability. For
enhancing the sodium diffusion coefficient and the conductivity, loading active
materials onto PPy or N-doped carbon substrates to form carbonaceous composites are
the most popular and most highly effective methods to achieve improved
electrochemical performance. In this doctoral work, red phosphorus, tin dioxide, and tin
were chosen as the most promising objects of study for anode materials in SIBs,
although some of them still have unsatisfactory cycling performances. Through
reducing the particle size and forming composites with nitrogen-containing conducting
polymers, red phosphorus/N-doped carbon nanofibers, SnO2–polypyrrole nanotubes,
and carbon encapsulated Sn@N-doped carbon nanotubes composites were synthesized.
Moreover, the influences of the morphology and the sodium storage mechanism of these
electrode materials were investigated through various characterization techniques,
including field emission scanning electron microscopy, transmission electron
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microscopy, Fourier transform infrared spectroscopy, X-ray powder diffraction, Raman
spectroscopy, thermogravimetric analysis, and X-ray photoelectron spectroscopy.
To study the reversibility of red P for sodium storage, a red phosphorus/N-doped
carbon nanofiber composite (P/NCF) was prepared via a simple evaporation/deposition
strategy. Because the poor electronic conductivity and huge volume expansion of red P
are the main barriers which impede its reversibility and cycling stability, I chose porous
N-doped carbon fiber with 3-D structure as the substrate to support the phosphorus
particles in order to reduce the volume expansion of P, while also increasing the
conductivity of the composite and shortening the paths for sodium ion transport. In the
as-prepared P/NCF, most of the phosphorus was homogeneously distributed in the Ndoped carbon fiber. Accordingly, the resultant composite as anode material
demonstrated good sodium storage ability.
For the second subproject, SnO2-coated polypyrrole (PPy) with a 3-D structured
nanotube network was fabricated via a facile hydrothermal approach, which was
achieved by hydrolyzing tin dichloride into tin dioxide on PPy tubes. The obtained
SnO2-coated polypyrrole nanotube has a 3-D structure with a uniform distribution of
crystalline SnO2 nanoparticles on the surfaces of the PPy tubes. Its structural properties
result in good performance as an anode for application in SIBs.
A good reversible capacity of nearly 288 mA h g-1 was delivered when discharging
at 100 mA g-1, with more than 69.1% capacity retention and stable coulombic efficiency
of 99.6% over 150 cycles. The good electrochemical performance compared to the 151
mAh g-1 achieved by bare SnO2, which was fabricated by the same method in the
absence of PPy, could be mainly attributed to the good dispersion of SnO2 on the 3-D
matrix of PPy tubes, which facilitates the diffusion of Na+ ions and buffers the large
volumetric changes during charge/discharge.
Carbon encapsulated Sn@N-doped carbon nanotubes were obtained via the simple
reduction of C@SnO2@N-doped carbon composite, which was fabricated by
hydrothermal and carbon coating approaches. The Sn nanoparticles encapsulated in
carbon layers were distributed uniformly on the surfaces of N-doped carbon nanotubes.
The electrochemical performance of the composite was systematically investigated as
anode material in sodium-ion batteries. The composite electrode could attain a good
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reversible capacity of 398.4 mAh g-1 when discharging at 100 mA g-1, with capacity
retention of 67.3 % and stable coulombic efficiency of 99.7 % after 150 cycles. This
good electrochemical performance compared to only 17.5 mAh g-1 delivered by bare Sn
particles prepared by the same method without the N-doped carbon could be mainly
ascribed to the good dispersion of the precursor SnO2 on the substrate of N-doped
carbon nanotubes with three-dimensional tructure, which provides more reaction sites to
reduce the diffusion distance of Na+, further facilitating the diffusion of Na+ ions, and
buffer the large volume expansion during charging/discharging.
In summary, PPy and N-doped carbon as carbon sources were employed to
fabricate 3-D structured P/NCF, SnO2–polypyrrole nanotubes, and carbon encapsulated
Sn@N-doped carbon nanotube anode materials. The 3-D structured P/NCF, SnO2–
polypyrrole, and C@Sn@N-doped carbon anode materials performed well, with
improved cycling stability and rate behavior in different energy storage systems.
Therefore, I believe that these strategies using N-doped carbon materials as substrates to
accommodate active materials such as P, SnO2, Sn, etc. to prepare carbon composites
will be very promising ways of obtaining anode materials with good electrochemical
performance in SIBs.
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1. Introduction
1.1. General Background
With world concerns about climate change, which is commonly known as global
warming and caused by greenhouse gas emissions (GHG, such as carbon dioxide,
methane, nitrous oxide, and fluorinated gases),1-4 the development of clean and
renewable energy systems to meet increasing energy consumption is becoming more
and more urgent. The Paris climate agreement has set out a global action plan to put the
world on track to avoid dangerous climate change by keeping global temperature rise
this century well below 2 degrees Celsius above pre-industrial levels and to pursue
efforts to limit the temperature increase even further to 1.5 Celsius. Nowadays, there is
a race on to find solutions for fulfilling this aim around the world. Although the
technology for obtaining sustainable energy, such as with better solar panels, wind
turbines, photovoltaic cells, etc., has made obvious progress in recent years,5-7 the
development of an energy storage system (ESS), which can integrate the renewable
energy into the grid smoothly and effectively has lagged behind in relative terms.8-11 So,
it is important to rapidly develop such an ESS to satisfy the requirements for the
widespread use of renewable energy. Among the various energy storage technologies,
storage batteries are one of the most promising means for storing electricity on a large
scale, due to their flexibility and high energy conversion efficiency. 12-17
Lithium ion batteries (LIBs), due to their high energy density, long cycle life, and
environmental friendliness, have been become the most common type of power source
in the portable electronics market, for instance, in electric vehicles (EVs), portable
devices, mobile phones, etc.

18-31

Nevertheless, the large-scale demand for Li would

force us to consider the growing price of Li resources because of the low abundance of
Li in the Earth’s crust. Most of the easily accessible global lithium reserves are in
remote or politically sensitive areas.32-34 Based on calculations, total global Li
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consumption in 2008 was approximately 21,280 tons; hence, mineable Li resources
could be sustained for approximately 65 years from the present at most, considering an
average growth of 5% per year.32 For this reason, there is an urgent need to search for
low-cost, highly safe, and long-cycle-life rechargeable batteries based on abundant
resources.
Sodium is the fourth most abundant element in the Earth’s crust and has seemingly
unlimited distribution.35-37 Na possesses similar chemical and physical properties to Li
in many aspects, while sodium has a higher redox potential of -2.71 V versus standard
hydrogen electrode and lower gravimetric capacity of 1165 mAh g-1 compared with
lithium (redox potential of -3.01 V and gravimetric capacity of 3829 mAh g-1,
respectively).38-40 This makes the energy density of sodium ion batteries lower than for
lithium ion batteries. In consideration of the requirements of large-scale energy storage
systems, based on the abundant supply and widespread terrestrial reserves of Na mineral
salts, this provides a compelling rationale for the development of sodium-ion batteries
(SIBs) to be used as alternatives to LIBs.

1.2. A brief history and leading challenges for sodium-ion
batteries
In the 1980s, SIBs were first investigated for electrochemical energy storage. SIBs
have since turned into one of the hottest research topics for intensive investigations.
Many electrode materials for lithium ion batteries have been examined for sodium ion
storage, but their cycling performance, specific capacity, and rate capability are not
desirable.41-45 This is because the ionic radius of Na (1.06 Å) is larger than that of Li
(0.76 Å), so the kinetic diffusion and storage mechanisms of Na are different from those
of lithium ion batteries (LIBs). In exploring cathode materials for SIBs, the main
problem is that the insertion of Na+ is very difficult compared with Li+, so the specific
energy and power density of SIBs are smaller compared to LIBs. With regard to anode
materials for SIBs, there are two main difficulties arising from the bigger ionic radius of
Na. One is that the transformation reactions take place at relatively high potentials,
consequently leading to a decrease in the overall cell voltage, especially in the cases of
oxides, fluorides, chlorides, bromides, etc. Another relates to its volume changes, which
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are larger than for its lithium-based equivalents on account of the bigger ionic radius of
Na than that of Li. Generally, these factors are responsible for mechanical degradation
in anode materials, leading to poor cycle life. Hence, to overcome these hurdles, our
most important task is to find suitable electrode materials with high energy density and
have electrochemical performances that can be improved through various approaches,
such as controlling the morphology, structure, and size of the particles, and forming
composites and compounds. This is not easy to do, however, because successful
reversible intercalation hosts must possess channels and interstitial sites large enough to
accept the larger Na+ cation. For example, some electrode materials with excellent
electrochemical properties in LIBs are electrochemically inactive in SIBs; for example,
graphite and silicon cannot store sodium.

1.3. The objectives of this work
For the ultimate purpose of developing promising anode materials for SIBs with the
properties of low cost, long cycle life, and environmental friendliness, the detailed
objectives of this thesis are:
•

Synthesis and evaluation of a number of anode materials (containing red
phosphorus, tin dioxide, metal tin) for sodium-ion batteries;

•

Characterization of the synthesized electrode materials using various techniques
to understand their structural, morphological, physical, and electrochemical
properties;

•

Understanding the fundamental electrochemistry of sodiation /de-sodiation
processes;

•

Contributing to the next technological breakthrough in the field by opening up a
pathway for the next generation sodium-ion batteries.

1.4. Thesis Structure
In order to achieve the goal of exploring new electrode materials with good
electrochemical performances, different carbon containing composites including
phosphorus/N-doped carbon nanofibers, SnO2–polypyrrole nanotubes, and carbon
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encapsulated Sn@N-doped carbon nanotubes synthesized different preparation methods
have been employed in this work.
Moreover, in order to investigate the electrochemical performances of these
electrode

materials,

detailed

structural

characterizations

and

electrochemical

measurements have also been carried out. The scope of this thesis work is briefly
outlined as follows:
Chapter 1 simply introduces the general background, main challenges, some
approaches for improving the electrochemical performance of SIBs, and the outline of
this study.
Chapter 2 presents a literature review on SIBs, consisting of basic concepts and
working principles, electrode materials, and electrolytes.
Chapter 3 presents the chemicals and methods used for preparing electrode
materials. This chapter also briefly introduces the characterization methods used to
characterize the electrode materials: X-ray diffraction (XRD), photoelectron
spectroscopy (XPS), Raman spectroscopy, thermogravimetric analysis (TGA), scanning
electron microscopy (SEM), field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), selected area electron diffraction (SAED),
energy dispersive X-ray spectroscopy (EDS), and electrochemical measurements, which
include cyclic voltammetry (CV), galvanostatic charge-discharge cycling, and
electrochemical impedance spectroscopy (EIS).
Chapter 4 discusses the electrochemical reversibility of composites consisting of
phosphorus and N-doped carbon nanofibers. A nanostructured phosphorus composite
material (P/NCF) was fabricated from N-doped carbon and red phosphorus via an
evaporation/deposition strategy. The P/NCF composite delivered an initial discharge
capacity of 2752 mAh g-1, and 26.5 % of the initial reversible capacity still remained
after 55 cycles. In the composite, N-doped carbon nanofiber played an important role in
the reversibility of the P/NCF composites. The N-doped carbon with porous 3-D
structure acts as a buffer to alleviate the enormous stresses from the volume changes of
the P particles and impedes the pulverization of particles. Meanwhile, the network of Ndoped carbon provides the pathways for the electron transport, which can maintain good
connections among the red phosphorus particles themselves and with the current
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collector. (Results presented in Chapter 4 have been published, see Appendix:
Publications.)
Chapter 5 presents a facile hydrothermal approach to obtain 3-D structured SnO2–
polypyrrole (PPy) nanotubes, which delivered a good reversible capacity of nearly 288
mA h g-1 when discharged at 100 mA g-1, with more than 69.1% capacity retention and
stable coulombic efficiency of 99.6% after 150 cycles. These outcomes are attributed to
the uniform coating of nanoscale tin dioxide particles on the PPy matrix with its unique
3-D structure, which can significantly improve the electronic conductivity of
composites and accommodate the strain resulting from the volume changes in the
electrode during cycling. At the same time, the diffusion speed of sodium ions is
accelerated. On the other hand, a positive synergetic effect between the PPy interfaces
and the SnO2 particles is responsible for maximization of the SnO2 conductivity.
(Results presented in Chapter 5 have been published, see Appendix: Publications.)
Chapter 6 presents a user-friendly hydrothermal method to obtain carbon
encapsulated Sn@N-doped carbon nanotubes. The electrochemical performance of the
composite was systematically investigated as anode material in sodium-ion batteries
(SIBs). The composite electrode could attain a good reversible capacity of 398.4 mAh g1

when discharged at 100 mA g-1, with capacity retention of 67.3 % and very high

coulombic efficiency of 99.7 % over 150 cycles. This good cycling performance, when
compared to only 17.5 mAh g-1 delivered by bare Sn particles prepared via the same
method without the presence of N-doped carbon could be mainly ascribed to the
uniform distribution of the precursor SnO2 on the substrate of N-doped carbon tubes
with three-dimensional structure, which provides more reaction sites to reduce the
diffusion distance of Na+, further facilitating Na+ ion diffusion, and relieves the huge
volume expansion during charging/discharging. These outcomes imply that such a Sn/C
composite would provide more options as an anode candidate for SIBs. (Results
presented in Chapter 6 have been published, see Appendix: Publications.)
Chapter 7 summarizes the work in this thesis and provides some prospects for the
synthesis of other materials and for applications in other areas.
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Chapter 2
Literature Review
2.1. General background
The development of lithium and sodium ions as charge carriers for electrochemical
energy storage dates back to the 1970s.1-6 When TiS2 was first reported for lithium
electrochemical intercalation and application in energy storage devices at ambient
temperature in 1980,7-9 almost the same time, it also demonstrated the feature of
intercalating sodium ions in a highly reversible manner and the possibility of being
applied for electrochemical energy storage at room temperature.10 The development of
LiCoO2, a lithium-containing layered oxide synthesized by Goodenough as a positive
electrode material for lithium storage,11 marked the beginning of lithium ion batteries
suitable for application. Even though NaxCoO2, the sodium containing layered oxide,
was also reported during the same period as positive electrode for sodium ion storage,12
studies on room-temperature sodium ion batteries almost stagnated in the following
several decades. Meanwhile, the higher energy density of lithium, owing to its higher
potential and lower mass, resulted in the significant research efforts being put into LIBs.
The advancement of LIBs was further facilitated by the appearance of disordered carbon
13,14

and graphite anodes.

15-17

In particular, the commercialization of LIBs achieved by

Sony in 199118 led to the exponential growth in the portable electronics market since the
1990s.19-24
When Stevens and Dahn demonstrated that hard carbon can deliver a high reversible
capacity of 300 mAh g−1 for sodium ion storage in 2000,25 even though its cycle life
was insufficient for battery applications at that time, investigations on sodium ion
batteries attracted researchers’ interest once again. To date, hard carbon has been
extensively explored as a promising anode candidate for SIBs.26-31 In cathode materials
for SIBs, the most important discovery for SIBs was the first report of the cathode
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properties of α-NaFeO2 in 2006.32 Since then, many cathode materials have been
investigated for SIBs. 33
Studies on sodium ion batteries have increased dramatically in recent years since
2010, owing to the ever-increasing worldwide demand for large-scale batteries for
renewable energy storage systems. In term of large-scale applications, LIBs have been
developed as the main power sources and are playing more and more important roles in
the emerging market for electric vehicles and energy storage.34-37 Nevertheless, the high
geographic concentration and limited reserves of lithium in nature will severely restrict
the prospects for LIBs in grid energy storage applications. Based on the calculations,
overall global Li consumption in 2008 was about 21, 280 tons; hence, present mineable
resources could be sustained for approximately 65 years at most at an average growth
rate of 5% per year,38,39 making it very difficult to meet the increasing demand for
lithium.
Sodium, the fourth most abundant element in the Earth’s crust, has a seemingly
unlimited distribution.40 It is located below lithium in the periodic table of elements and
has similar chemical and physical properties to Li in many aspects, as shown in Table
2.1.41 Sodium is heavier than lithium (23 g mol-1 versus 6.9 g mol-1) and possesses a
higher standard electrode potential (-2.71 V vs. standard hydrogen electrode (SHE) as
compared to -3.02 V vs. SHE for lithium), so, there is a lower gravimetric capacity of
1165 mAh g-1 for sodium than the gravimetric capacity of 3829 mAh g-1 for Li. In
addition, Na+ ions (1.02 Å) are larger compared to Li+ ions (0.76 Å), which could affect
the phase stability, transport properties, and interphase formation.42 The manufacturing
costs of Li-ion batteries and Na-ion batteries are presented in Table 2.2.43 It can be
found that the cost of cathode material in SIBs is l3.6% lower than in LIBs. Beyond
that, compared with the expensive copper used for Li-ion batteries, cheap Al can also be
used as a substitute for the current collector in Na-ion batteries, since Al does not react
with Na, which can bring about an 8 % cost reduction. Therefore, LIBs are estimated to
be probably about 10% less expensive in total cost than LIBs. In regard to low cost and
sustainability, the question of whether the batteries have high energy density becomes
unimportant. This is why the sodium ion battery is considered as a promising candidate
for application in large-scale energy storage systems.44-54
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Table 2.1 Comparison of Lithium and Sodium characteristics. Reproduced with
permission [41].
Category

Sodium

Atomic mass (g mol-1)

Lithium

23

6.9

1.02

0.76

Melting point (°C)

-2.71
97.7

-3.04
180.5

Capacity of metal electrode (mAh g-1)

1165

3829

Ionic radius (Å)
θ

E (vs. SHE)/V

Coordination preference

Octahedral and tetrahedral

Octahedral and prismatic

Table 2.2 Comparison of the manufacturing costs for Li-ion batteries and Na-ion
batteries. Reproduced with permission [43].
Components

percentage cost in SIBs

percentage cost in LIBs

Cathode

32.4%

36%

Anode

13%

13%

Electrolyte

8%

9%

Separator

14%

14%

Current collector

8% with Al foil

16% with Al & Cu foil

Others

12%

12%

2.2 Basic concepts
The configuration and fundamental working principles of sodium ion batteries are
shown in Scheme. 2.1. An SIB consists of two sodium insertion materials, the positive
(cathode) and negative (anode) electrodes, which are divided by the separator. Sodium
ions are shuttled between the cathode and anode through the electrolyte as a pure ionic
conductor (in general, a sodium salt dissolved in aprotic polar solvents) between the
electrodes on discharge and charge. During the discharge process, the electrons are
released from the anode, causing an oxidation reaction, and transferred via the external

Chapter 2: Literature Review
13

Scheme 2.1 Schematic illustrations of battery components and electric storage
mechanisms for SIBs.
circuit to the cathode, where the reductive chemical reactions take place. The reverse
transfer of electrons occurs during the charge process.

2.3. Current cathode materials for sodium ion batteries
In a full battery cell, the cathode undertakes the most crucial role in terms of both the
electrochemical performance and the total manufacturing cost for advanced commercial
SIBs, which are needed to satisfy the requirements of a large-scale energy storage
system. Therefore, it is very important to develop promising cathode materials for SIB
technology. To date, major efforts have been devoted to the search for high performance
cathode materials in layered systems of the O3 and P2 types, as well as polyanionic
compounds, Prussian blue analogues, organic compounds, etc., as shown in Fig. 2.1.55

2.3.1. Layered sodium transition metal oxides (TMO)
The most common layered structures of transition metal oxides are built up from
sheets of edge-sharing MeO6 octahedra, where Me is a metal. Polymorphisms appear
when the sheets of edge-sharing MeO6 octahedra are stacked with different stacking
sequences along the c-axis direction. 56 In general, these crystal structures consist of
sheets of edge-sharing MeO6 octahedral layers sandwiched between Na ion layers, into
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which ionic species are in inserted in an octahedral (O) or a prismatic (P) environment.
Accordingly, sodium-based layered compounds can be categorized into two major
groups: O3 type and P2 type, in which the sodium ions are accommodated at octahedral
and prismatic sites, respectively, as shown in Fig. 2.2.57
O3-type NaMeO2 comprises a cubic close-packed (ccp) oxygen array where sodium
and 3d transition-metal ions are located on the clear octahedral sites because the ionic
radius of sodium ions (1.02 Å) is much larger than those of 3d transition-metal ions
with a trivalent state (< 0.7 Å).58 O3-type layered phases are categorized as one of the
cation-ordered rock-salt superstructure oxides.59 Edge-sharing NaO6 and MeO6
octahedra order themselves into alternate layers perpendicular to [111], forming the
NaO2 and MeO2 slabs, respectively.There are three different MeO2 layers (AB, CA, and
BC layers) existing along the NaMeO2 crystallographic axis. As for the P2-type,
NaxMeO2 is composed of two MeO2 layers (AB and BA layers). The sodium
surroundings are different from in the O 3 type. All the Na + ions are located in the

Figure 2.1 Recent research progress on cathode materials for SIBs. Reproduced with
permission [55].
trigonal prismatic sites of the Na layers. The P2-type layered structure is also often
classified as a 2H phase with space group P63/mmc.60
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A phase transition generally occurs when the sodium is extracted from O3- and P2type phases. In the O3-type phase, sodium ions are originally stabilized at edge-sharing
octahedral sites with MeO6 octahedra. When sodium ions are partly extracted from the
O3-type phase, Na ions at prismatic sites become energetically stable, which is related to
the formation of vacancies, similar to what happens in the P2-type phase. The formation
of prismatic sites is obtained by the sliding of MeO2 slabs without breaking Me−O
bonds.61 Consequently, the oxygen packing changes from “AB CA BC” to “AB BC
CA”, and this phase is classified as a P3-type phase, as presented in Fig. 2.2. In some
cases, this P3-type phase can be directlt crystallized without electrochemical sodium
extraction in SIBs. For example, P3- and P2-type Na2/3[Ni1/3Mn2/3] O2 are believed to be
low- and high-temperature phases, respectively.62 The phase transition from P2-/O3- to
P2-type in SIBs is impossible because its phase transition can only be attained by
breaking/reforming Me−O bonds and therefore requires a higher temperature
environment. On the contrary, P2 phase can be transformed into an O2-type phase in Na
cells. This is because large prismatic sites in the P2-type phase are energetically
stabilized by large sodium ions. The gliding of MeO2 slabs to form octahedral sites can
only proceed after the extraction of sodium ions 63,64 or the exchange of Na+ ions. 65 This
movement of MeO2 leads to the formation of a new phase with a unique oxygen
packing, “AB AC AB”, as seen in Fig.2.2. This phase contains two crystallographically
different MeO2 layers with AB and AC oxygen arrays. Vacancies left in between the
AB and AC layers are octahedral sites, i.e., the O2-type phase. Both of O3-and O2-type
phases have close-packed oxygen arrays. An ABC-type oxygen arrangement (namely
the ccp array) is the characteristic feature of O3-type phase, and NaO2 layers share only
edges with MeO2 layers on both sides. O2-type phase consists of two oxygen
arrangements, i.e. ABA-type and ACA-type, which are classified as a hexagonal closepacked (hcp) oxygen array. According to the oxygen packing, the O2-type structure is
classified as an intergrowth structure between ccp and hcp arrays. This intergrowth
structure usually results in the formation of stacking faults after sodium extraction from
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Figure 2.2. Categories of Na−Me−O layered materials with sheets of edge-sharing
MeO6 octahedra and phase transition processes induced by sodium extraction.
Reproduced with permission [57].
the P2 phase.63 There are some reports on P2−O2 phase transitions in SIBs by Na+ ion
exchange, including the formation of a variety of stacking faults.66-72
Usually, the series of materials with the O3-type and P2-type layered structures are
prepared by conventional solid-state reaction. The clear difference between them in
their X-ray diffraction (XRD) patterns between them is displayed in Figure 2.3.73 These
Bragg diffractions that are indexed to the hexagonal layered structure with space group
C2/m (indicative of a typical O3-type layered structure)
(indicative of a typical O3-type layered structure)

74

75

and space group Cmcm
confirm their structural

characteristics.
Many researchers have focused on the investigation of phase transitions during the
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Figure 2.3 XRD profiles of (a) O3-type and (b) P2-type NaxMeyO2. Reproduced with
permission [73].
charge-discharge process, which lead to serious degradation in both the capacity and
cycle life.76-83 From the in situ XRD patterns shown on Fig. 2.4, characteristic peaks
which represent different phase types can be clearly found during charge/discharge
processes. For example, the O3 material Na0.9[Cu0.22Fe
reversible phase transition process of O3

P3

O3´

0.30Mn0.48

P3

]O2 performed a

O3.73

Ni0.45Cu0.05Mn0.4Ti0.1O2 also displayed a similar phase transition of

O3

Accordingly,
P3

O3

during the process of electrochemical Na deintercalation and intercalation83 On the other
hand,

some

materials

such

Na[Li0.05(Ni0.25Fe0.25Mn0.5)0.95] O2

as

NaNi0.25Co0.25Fe0.25Mn0.125Ti0.125O2

and

are not capable of reversible structure change.80

Most materials with O3-type and P2 layered structures are usually composed of large
particles with the distribution of particle size ranging from micrometer to submicron
and have very similar morphologies, as shown on Fig.2.5.73,80,83-85
Na[Li0.05(Ni0.25Fe0.25Mn0.5)0.95]O2 was prepared via a coprecipitation method and
crystallized to form an O3-type α-NaFeO2 layered structure with R3̅m space group.79
This electrode exhibited very high capacity (180.1 mA h g−1 at the 0.1 C-rate), as well
as excellent capacity retention (0.2 C-rate: 89.6%, 0.5 C-rate: 92.1%) and good rate
capabilities at various C-rates (0.1 C-rate: 180.1 mA h g−1; 1 C-rate: 130.9 mA h g−1; 5
C-rate: 96.2 mA h g-1) that were achieved due to the Li supporting structural
stabilization on its introduction into the transition metal layer. Another cathode, lithium-
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Figure 2.4 In-situ XRD patterns from electrochemical charge/discharge process of
Na0.9[Cu0.22Fe0.30Mn0.48]O2 (a), Na[Li0.05(Ni0.25Fe0.25Mn0.5)0.95]O2 (b), NaNi0.25Co0.25e0.25Mn0.125Ti0.125O2 (c), β-Na0.7[Mn0.93Li0.07]O2+y (d), NaNi0.5Mn0.4Ti0.1O2 (e) and
NaNiO2 (f). Reproduced with permission [73][78][79][80][82][83].
free Na[Ni0.25Fe0.25Mn0.5]O2 was also produced for comparison, as displayed in Fig.2.6.
Combined structural modulation was employed to improve the air stability of the
O3-type metal oxide NaNi0.45Cu0.05Mn0.4Ti0.1O2 (NaNCMT) by reducing the interlayer
distance of Na layers in NaNi0.5Mn0.5O2 (NaNM) via Cu/Ti co-substitution, and
simultaneously increasing the valence state of the transition metals.83 As displayed in
Fig. 2.7, the stable NaNCMT cathode shows a smooth charge/discharge profile,
delivering an initial discharge capacity of 124 mAh g−1 and good cycling performance.
After 500 cycles at 1 C, the NaNCMT can still show 70.2% capacity retention.
Furthermore, the NaNCMT cathode exhibits superior rate performance. At a rate of 10
C, NaNCMT even delivered a capacity as high as 81 mAh g−1.
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Figure 2.5 Typical SEM images of O3-type NaNi0.45Cu0.05Mn0.4Ti0.1O2 (a),
Na0.9[Cu0.22Fe0.30Mn0.48]O2

(b),

NaNi0.25Co0.25Fe0.25Mn0.125Ti0.125O2

(c),

Na0.82Mn1/3Fe2/3O2 (d), P2-type Na0.71Mn0.5Fe0.5O2 (e), and Na2/3[Fe0.5Mn0.5]O2 (f).
Reproduced with permission [73][80][83][84][85].
Some P2–type cathodes, such as Al2O3 coated Na2/3[Ni1/3Mn2/3]O2 cathode, was
prepared through a solid state reaction and wet chemistry method.86 This strategy takes
advantage of an Al2O3 coating to suppress the unfavourable side reaction at high voltage
and the exfoliation of the metal oxide layers. The as-prepared composite can present a
164 mAh/g-1 initial specific discharge capacity within the voltage window from 2.5 V to
4.3 V and an enhanced 73.2% retention after 300 cycles, as shown in Fig. 2.8.
Another series of P2-type cathode materials NaxNi0.167Co0.167Mn0.67O2 with different
sodium contents (x = 0.45,0.55, 0.67, 0.8, 0.9, 1) were synthesized, and the effects of
sodium content on their structure and electrochemical performance were investigated.87
The results reveal that NaxNi0.167Co0.167Mn0.67O2 (x = 0.45, 0.55) consists of P2-phase
and P3-phase, while NaxNi0.167Co0.167Mn0.67O2 (x = 0.67, 0.8, 0.9, 1) exhibits pure P2phase. Among them, Na0.67Ni0.167Co0.167Mn0.67O2 shows excellent cycling stability and
rate performance, as shown in Fig. 2.9(g) and (h). After 200 cycles, the P2 structure of
NaxNi0.167Co0.167Mn0.67O2 (x = 0.67, 0.8, 0.9, 1) was well maintained.

2.3.2. Polyanionic compounds
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Figure 2.6 Charge and discharge curves of Na[Li0.05(Ni0.25Fe0.25Mn0.5)0.95]O2 and Na
[Ni0.25Fe0.25Mn0.5] O2 at different C-rates. Reproduced with permission [79].
Polyanionic compounds have been receiving intensive interest as Na intercalation
cathodes for SIBs owing to their structural diversity and stability, as well as the strong
inductive effect of the anions.88-95 They can be mainly classified into these groups:
Phosphates, including NaMPO 4, M = transition metal, sodium superionic conductor
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Figure 2.7 Initial charge/discharge curves of as-synthesized and aged (a) NaNM and (b)
NaNCMT. Comparison of the first charge/discharge curves tested at 0.1 C (c) and the
cycling stability and Coulombic efficiency tested at 1 C (d) for both samples. Rate
capability of both samples (e). Discharge curves of NaNCMT cycled at constant charge
at 0.5 C/discharge rates from 0.1C to 10 C (f). Reproduced with permission [83].
(NASICON)-type NaxM2(PO4)3,

and

vanadyl

phosphate.

Pyrophosphates

(Na2MP2O7 (M = Fe, Mn, Co) and Na4M3(PO4)2P2O7). Fluorophosphates (Na2MPO4F,
Na3(VOx)2(PO4)2F3-2x, M = Fe, Co, Mn). Sulphates (Na2Fe2(SO4)3, Na2Fe(SO4)2·2H2O).
The structures of these phosphates are shown in Fig. 2.10.33

2.3.2.1. Phosphates
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Figure 2.8 Cycling performance of the as-prepared Na2/3[Ni1/3Mn2/3]O2 and Al2O3Na2/3[Ni1/3Mn2/3]O2 (a) . The charge and discharge profiles of Na2/3[Ni1/3Mn2/3]O2
electrode (b) and Al2O3-Na2/3[Ni1/3Mn2/3]O2 electrode (c). Rate performance of the asprepared Na2/3[Ni1/3Mn2/3]O2 and Al2O3-Na2/3[Ni1/3Mn2/3]O2 (d) . Cyclic voltammetry
profiles of as-prepared Na2/3[Ni1/3Mn2/3]O2 cathode (e) and Al2O3-Na2/3[Ni1/3Mn2/3]O2
cathode (f). Reproduced with permission [86].
The lattice framework in the olivine-NaFePO4 structure is preferable for sodium-ion
insertion and transmission, ensuring superior reversibility and a long cycle life. Due to
the poor electrical conductivity and low Na+-diffusion coefficient, however, the
practical capacity of olivine NaFePO4 is always much lower than the theoretical
capacity. Therefore, many approaches have been employed to alleviate this issue via
modifying the structure. Hollow amorphous NaFePO4 nanospheres fabricated by an insitu hard template method exhibited high storage capacity and rate capability.96From the
images displayed in Fig. 2.11, it can be seen that large-scale uniform hollow spherical
particles with an average diameter of about 20 nm have been obtained, where the
average shell thickness is about 2 nm. The hollow nanospheres are assembled from tiny
nanoparticles and exhibit a rough surface with interconnected porous structures. These
hollow NaFePO4 nanospheres exhibited long-term cycling stability. When cycled at a
current density of 0.1 C, 144.3 mA h g -1 capacity still remained after 300 cycles. The
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Figure 2.9 Charge/discharge curves of NaxNi0.167Co0.167Mn0.67O2 [(a). x = 0.45, (b). x=
0.55, (c). x = 0.67, (d). x = 0.8, (e). x= 0.9, (f). x = 1)] from 2 to 4.3 V at a current rate
of 20 mA g-1 in the first 50 cycles. Rate capability (g) and cycling performance (h) of
NaxNi0.167Co0.167Mn0.67O2 at a current rate of 160 mA g-1. Reproduced with permission
[87]
excellent rate capability was also tested at charge–discharge current rates ranging from
0.2–10 C. The average specific capacities were 147.8, 138.3, 124.6, 107.2, 88.1, and
67.4 mA h g-1 at current rates of 0.2, 0.5, 1, 2, 5, and 10 C, respectively.
NASICON-type Na3V2(PO4)3 has been has been considered as a potential cathode
material for SIBs with its highly covalent three-dimensional (3D) framework,
crystalline structure, high theoretical energy density (∼400 Wh/kg), and good thermal
stability.97 Carbon-coated nanosized Na3V2(PO4)3 embedded in a porous carbon matrix
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Figure 2.10 Crystal structures of: olivine NaMPO4 (a), NASICONNa3V2(PO4)3 (b),
triclinic Na2MP2O7 (c), orthorhombic Na2MP2O7 (d), orthorhombic Na4M3(PO4)2P2O7
(e), orthorhombic Na2MPO4F (f), monoclinic Na2MPO4F (g), and tetragonal Na3M2
(PO4)2F3 (M = transition metal) (h). Reproduced with permission [33].
was prepared via a facile soft-chemistry-based double carbon-embedding approach.98
Transmission electron microscope (TEM) images show microsized clusters with
agglomerated nanosized grains. The grain sizes are around 20−40 nm for
(C@NVP)@PC, where NVP is N-vinylpyrrolidone, and well dispersed in the porous
carbon matrix. They exhibit 2−5-nm-thick carbon layers as a surface coating, as shown
in Fig. 2.12. The composite exhibits an impressive capacity of 74 mA h g −1 at 100 C
and retains 70% of its capacity after 1000 cycles.

2.3.2.2. Pyrophosphates
Pyrophosphate Na2MP2O7 (M = Fe, Mn, Co) is a family of attractive cathode
materials for SIBs owing to its structural diversity and stability, as well as its good Na+
mobility. Na2MP2O7 can crystallize into different polymorphic forms, including
triclinic, orthorhombic, and tetragonal structures.99 A Na2FeP2O7 – multiwalled carbon
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Figure 2.11 (a) Low magnification scanning electron microscope (STEM) image; (b)
and (c) enlarged STEM images of single nanospheres framed in (a) for NaFePO4
nanospheres; (d) cyclic voltammetry (CV) curves for the 1st and 10th cycles; (e)
galvanostatic discharging–charging profiles performed at a current density of 0.1 C, (f)
the corresponding cycling performance, and (g) the rate capability. Electrolyte: NaPF6
(1M) dissolved in a solution of ethylene carbonate (EC) and dimethyl carbonate (1:1
v/v). Cut-off voltage: 1.5–4.0 V (1 C = 155 mA g-1). Reproduced with permission [96].
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Figure
2.12
TEM
(a) and
high resolution TEM (HRTEM) (b) images of (C@NVP)@pC. Galvanostatic
charging−discharging profiles of (C@NVP)@pC at different current rates (c). Rate
performance and capacity retention ability of (C@NVP)@pC(d). Cycling stability of
(C@NVP)@pC at various current rates and Coulombic efficiency for 1000 cycles at
100 C (e). Comparison of rate performance of (C@NVP)@pC to the recently reported
results in the literature for NVP (f). Reproduced with permission [98].
nanotube composite (Na2FeP2O7/MWCNT) with triclinic structure was obtained by
facile coprecipitation and post-heat-treatment approach.

100

The scanning electron

microscope (SEM) and TEM images reveal micrometer-sized particles of composite
with large globular agglomerates larger than 5 mm on its relatively rough surface, as
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seen in Fig. 2.13. On the other hand, carbon nanotubes partially embedded in smaller
and rougher particles can be easily spotted. This material displayed toutstanding highrate performances with a reversible specific capacity of 86 mAh g-1 for 140 cycles at 1
C and 68 mAh g-1 at 10 C.

2.3.2.3. Fluorophosphates
Fluorophosphates have been proven to possess higher operating potential than
phosphates, due to the strong inductive effect of the fluorine, which can greatly tune the
electrochemical activity of the transition metal redox M3+/M4+couples (M = Ti, Fe, V).

Figure 2.13 SEM (a) and TEM (b) micrographs of Na2FeP2O7/MWCNT; Chargedischarge profiles (c) of composite recorded after cycling the electrode at 2C (97 mA
g_1); Capacity retention tests (d) for Na2FeP2O7/MWCNT at 1 C (with the first 10 cycles
recorded at C/10). Reproduced with permission [100].
101,102

The enhanced inductive effect and high working potential can be the key to

moderating the energy-density issue of the cathode materials for SIBs.103 Among them,
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vanadium-based fluorophosphates have received the most attention, owing to the highly
redox active V3+/V4+ couple, with an operating voltage expected to be 3.9 V.104
Na4V2(PO4)2F3 was obtained via an easily scalable ball-milling approach, which
relies on the use of metallic sodium, to prepare a variety of sodium-based alloys.105 As
shown in Fig. 2.14, the TEM image and energy dispersive spectroscopy (EDS) mapping
clearly show that the crystallites of the main phase are surrounded by Na nanoparticles
with sizes of 20–50 nm. When it was assembled in a full cell having carbon as the
negative electrode, the composite exhibited an overall charging capacity of 167 mAh g-1
and a discharge capacity of 110 mAh g-1, which is a 24% enhancement compared with
Na3V2(PO4)2F3/C.

2.3.2.4. Sulphates
A few sulfates are also being considered as cathode candidates for SIBs, such as
alluaudite-type

Na2Fe2(SO4)3

and

kröhnkite-type

Na2Fe(SO4)2·2H2O.106-108

Na2Fe2(SO4)3 with a very high Fe3+/Fe2+ redox potential of 3.8 V (the highest known
value among all Fe-based insertion compounds) has excellent rate kinetics and cycling
stability, as seen in Fig. 2.15.

2.3.3. Prussican blue analogues
In recognition that lattice volume expansion/contraction during redox reactions is
more problematic for the larger Na+ ion than Li+, the so-called Prussian-blue analogues
(PBAs) have been investigated as intriguing alternative cathode materials to the layered
oxide

polyanion

structures.109-116

The

prototype

ideal

Prussian

blue,

(K[FeIIIFeII(CN)6]y·H2O, y ≈ 1–5) has a cubic structure consisting of FeII and FeIII ions
sitting on alternate corners of corner-sharing iron octahedra bridged by cyano (C≡N)ligands. The structure of a typical PBA is shown in Fig. 2.16.109,110
A variable sodium composition Na0.61Fe[Fe(CN)6]0.94 was prepared by a facile
synthetic procedure using Na4[Fe(CN)6] as the only iron-source.111 The high quality PB
nanocrystals Na0.61Fe[Fe(CN)6]0.94 (HQ-NaFe) display a cubic structure with sizes of
300 –600 nm, while the low-quality PB nanoparticles (LQ-NaFe) used as reference and
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Figure 2.14 STEM image of the Na4V2(PO4)2F3 crystallites surrounded by Na
nanoparticles (marked with arrows) (a); Energy dispersive spectroscopy (EDX)
compositional maps (b); Voltage-composition profiles of Na3.5V2(PO4)2F3/C (c);
Capacity retention of C/Na3+xV2(PO4)2F3/C full cells (cycled at a 0.2C rate) in the first
20 cycles (d). Reproduced with permission [105].
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Figure 2.15 Electrode properties of Na2-xFe2(SO4)3 in Na cell. (a) Galvanostatic
charging and discharging profiles of Na2-xFe2(SO4)3 cathode cycled between 2.0 and
4.5V at a rate of C/20. (b) Capacity retention upon cycling up to 30 cycles under various
rates from C/20 to 20C. Inset: discharge curves of Na2-xFe2(SO4)3 as a function of rate
(from C/20 to 20 C). Reproduced with permission [106].
produced via different fabrication methods presents a granular morphology with a size
of 20 nm, as seen in Fig. 2.17. HQ-NaFe shows good electrochemical performance with
a capacity of 170 mAh g-1 and no apparent capacity loss for 150 cycles. Single-crystal
[FeIIIFeIII(CN)6] nanoparticles were prepared by controlling the purity and crystallinity
of the composite.115 As shown in Fig. 2.18, the as-obtained FeFe(CN)6 nanoparticles are
well crystallized and appear to be well-dispersed nanocrystals with cubic geometry. The
electron diffraction pattern also demonstrates the single crystal structure of the
nanocrystals. They have been proved to undergo sodium insertion with a reversible

Figure 2.16 Framework of Prussian blue analogues. Reproduced with permission [110].
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Figure 2.17 Typical SEM images of (a) HQ-NaFe and (b) LQ-NaFe; Cycling
performances of HQ-NaFe and LQ-NaFe (c), Rate capability of HQ-NaFe and LQ-NaFe
(d). Reproduced with permission [111].
capacity of 120 mAh g-1 at a moderate rate of 0.5 C, with 87% capacity retention over
500 cycles. They also exhibited an exceptional rate capability with 70% of their
capacity retained at the 20 C rate.

2.3.4. Organic compounds
Organic molecules can undergo a reversible electrochemical redox reaction. The
advantages of such a reaction are structural diversity, flexibility, molecular level
controllability, and resource renewability. Various organosulfur compounds, radical
compounds, carbonyl compounds, and functional polymers have been investigated as
electrode materials for rechargeable batteries.116–124 Among them, a carbonyl-based
organic salt, Na2C6O6, sodium rhodizonate (SR) dibasic, was systematically
investigated for high-performance sodium-ion batteries.123 Wang et al. synthesized
different Na2C6O6 structures by a facile antisolvent method, which exhibited strong
size-dependent sodium-ion-storage properties; it was demonstrated that the Na 2C6O6
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Figure 2.18 TEM images (a and b) of FeFe(CN)6, inset is the electron diffraction
pattern of a single particle; (c) rate performances when cycled at changing rates (1 C =
120 mA g-1); (d) cycling stability at constant currents of 0.5 C and 2 C. Reproduced
with permission [115].
nanorods, as SIB cathode, could deliver a reversible capacity of ~190 mA h g-1 at 0.1 C
for an operating voltage of 1.6–2.8 V vs. Na/Na+, capacity retention of 50% at 10 C,
and good thermal stability, as shown in Fig. 2.19.

2.4. Current anode materials for sodium ion batteries
As the cathode counterpart, identification of a suitable negative electrode is a critical
issue for the successful development of SIBs. Currently, research on negative electrode
materials for SIBs has been conducted on the three main categories, in term of the
reaction mechanism during sodiation/ desodiation processes: (1) The insertion reaction,
including carbonaceous materials and titanium-based oxides;125,126 (2) the conversion
reaction, including transition metal oxides (TMOs) or transition metal sulphides
(TMSs); 127 and (3) the alloying reaction including p-block elements. 128,129 Some
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Figure 2.19 SEM images of SR microrod (a) and nanorod (b) structured samples;
Cycling test (c) and rate capability (d) of SR microbulk, microrod, and nanorod samples.
Reproduced with permission [124].
representative candidate materials are illustrated in Figure 2.20.

2.4.1. Carbon-based materials
Over the past decades, various carbonaceous materials have been investigated
experimentally and theoretically as electrode materials for SIBs.130-135 Among them,
carbon-based materials have distinguished themselves as a promising solution, as they
are cheap, easily attainable, and non-toxic. Currently, hard carbon is broadly deemed to
be one of potentially practical negative electrodes for SIBs. Since the first report of
using hard carbon as anode material in SIBs,136 hard carbon materials have been
attracting tremendous attention due to their large interlayer distance and disordered
structure, which facilitates Na-ion insertion−extraction. Usually, various factors,
including the carbon precursor, manufacturing process, particle size, pore volume, and
surface area, will affect the structure of hard carbon, further determining its
electrochemical properties. Therefore, many studies have been reported that have
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Figure 2.20 Anode materials and corresponding electrochemical performances in
current SIBs. Reproduced with permission [55].
focused on controlling the morphology of hard carbon materials by using typical
synthesis methods, such as hydrothermal treatment, templating methods, self-assembly,
etc. 137-142
Hard carbon spherules (HCS) was prepared by Hu et al. from an abundant biomass of
sucrose by a pyrolysis method.138 HCS display a spherical shape with a uniform particle
size of about 1 μm and a smooth surface, as shown in Fig. 2.21(a). The electrochemical
performance testing results showed that HCS1600 (carbonized at 1600˚C) exhibited
excellent cycling performance with a capacity of 290 mA h g-1 at a current density of 30
mA g-1 (0.1 C) and capacity retention of 93% after 100 cycles. It also achieved very
good rate capability when discharged and charged at various rates from 0.1 C to 20 C,
as shown in Fig. 2.22(c) and(d). Komaba and co-authors synthesized a new hard carbon
(Argan-1200W) via carbonization of argan shell biomass with pretreatment by HCl
aqueous solution, as presented in Fig. 2.21(b).141 This work revealed the relationship
between the specific capacity and the graphene interlayer distance, which is affected by
carbonization temperature. Argan-1200W delivered a very high reversible capacity of
333 mAh g-1 and excellent capacity retention of 96.0% after 100 cycles, as shown in

Chapter 2: Literature Review
35

Figure 2.21 Typical morphologies of hard carbon spherules (HCS1600) (a), Argan hard
carbon-1200W (b), mesoporous carbon M700 (c), hollow carbon nanowires (HCNWs)
(d), hard carbon from corn cob (HCC) (e), and hard carbon microtubes (HCTs) (f).
Reproduced with permission [137][138][139][140][141][142].
Fig.2.22(i), (j). Gelatin-pyrolyzed mesoporous carbon (M700) was reported by Wang’s
group.139 They pyrolyzed the commercial gelatin at relatively low temperature from 600
to 900 °C. The morphology of the as-prepared M700 presented well-developed
interconnected mesopores and some macropores, as shown in Fig. 2.21(c). On
investigating the electrochemical properties of pyrolytic carbons, M700 displayed the
best cycling stability and rate performance, as shown in Fig. 2.22(e), (f). Another
hollow carbon nanowire (HCNW) sample was obtained by Cao. et al. through
pyrolyzation of a hollow polyaniline nanowire precursor combined with a self-assembly
approach.137 HCNW exhibits a uniform tube-like structure with the tubes about 120 nm
in diameter and has a slightly rough surface, as indicated in Fig. 2.21(d). This novel
carbon nanostructure displayed a moderate capacity of approximately 251 mA h g-1 at a
current density of 50 mAh g-1 and excellent cycling stability, retaining a reversible
capacity of 206.3 mAh g-1 after 400 cycles. It also showed good rate performance, even
at 500 mA g-1 (2 C), a high reversible capacity of 149 mAh g-1 could still be obtained,
as shown in Fig. 2.22(a), (b). In 2016, Hu’s group synthesized another kind of hard
carbon (HCC) derived from the abundant biomass of co rn cobs using a simple
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Figure 2.22 Cycling performances of HCNW at a current rate of 50 mA g-1 (0.2 C) (a),
HCS1600 at 0.1C (c), M700 and other samples at a current density of 50 mA g-1 (e),
corn cob (HCC) at a current rate of 0.2C (g), Argan-1200W with a current rate of 25
mA g-1 (j), and HCT at a current rate of 0.1 C (k); and charge/discharge curves on
extended cycles of the Argan-1200W at a rate of 25 mA g-1 (i) ; Rate capability of
HCNW at 50 (0.2 C), 125 (0.5 C), 250 (1 C), and 500 (2 C) mAh g-1(b) , HCS1600
from 0.1C to 20 C (d), M700 from 0.1C to 10 C(f), corn cob (HCC) from 0.1C to 2C
(h),and HCT from 0.1 C to 2 C (l). Reproduced with permission [137][138][139]
[140][141][142].
carbonization method.140 From Fig. 2.21(e), it can be found that HCC has an irregular
granular morphology with a particle size distribution range of 5–10 μm. The HCC1300
sample shows the best sodium storage performance, delivering a reversible capacity of
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298 mA h g-1 with the high initial coulombic efficiency of 86% at the current rate of 0.2
C (60 mA g-1). It also exhibits good cycling stability, retaining a capacity of 275 mAh g1

after 100 cycles, corresponding to capacity retention of 97%. Excellent rate

performance was observed for HCC1300: even at the current rate of 2 C, it still
delivered a capacity of 211 mAh g-1, as displayed in Fig. 2.22(g), (h). Hard carbon
microtube (HCT) was made from natural cotton through one simple carbonization
process.142 The morphology of HCT is clear in Fig. 2.21(f). The image shows that HTC
has a typical linear and braided fibrous morphology with hollow structures. The
HCT1300 (carbonized at 1300 °C) exhibits the best sodium storage performance, with a
high reversible capacity of 315 mAh g-1, a high initial Coulombic efficiency of 83% at a
current rate of 0.1 C, and excellent cycling stability, retaining a capacity of 305 mAh g-1
after 100 cycles, corresponding to capacity retention of 97%. Meanwhile, HCT1300
shows better rate performance than the other samples, delivering a specific capacity of
275 and 180 mAh g-1 at current rates from 0.5 C to 1 C, as shown in Fig. 2.22(k), (l).
Other carbonaceous materials are also being intensively investigated, such as
graphene and N-doped carbon materials.143-147 Wang et al. from our Institute prepared
reduced grapheme oxide (RGO) by the simple modified Hummer’s method.142 The
images of RGO presented in Fig. 2.23(a), (b) show that the RGO features a layered
structure with interlayer spacing of the (002) planes of 0.371 and 0.365 nm in different
areas. As shown in Fig. 2.23(c), (d), the RGO can tolerate significant sodium ion
insertion, leading to a reversible capacity as high as 174.3 mAh g-1 at 0.2 C (40 mA g-1),
and even 93.3 mAh g-1 at 1 C (200 mA g-1) after 250 cycles. Furthermore, it also
achieved the good capacity retention of 141 mAh g-1 at 0.2 C (40 mA g-1) over 1000
cycles. Amorphous carbon nitride (ACN) derived from zeolitic imidazolate framework8 (ZIF-8) by pyrolysis was reported as anode for SIBs by Dong’s group.147 From the
Fig. 2.24(a-d), it can be found that ACN composite particles show a uniform rhombic
dodecahedral shape about 300 nm in size with microporous structure. In the cycling
measurementd, the composite shows a capacity of 175 mAh g-1 after 2000 cycles at a
current density of 1.67 A g-1, with only 0.016% capacity degradation per cycle and
almost 100% Coulombic efficiency. The excellent rate performance was also
demonstrated by changing the current rate from 83 mA g-1 to 8.33 A g-1 to obtain a
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Figure 2. 23 Field emission SEM (FESEM) (a) and TEM (b) images of RGO; Cycling
performance of RGO at 0.2 and 1 C for 250 cycles (c), and cycling performance of
RGO at 1 C for 1000 cycles (d). Reproduced with permission [143].
reversible capacity of 430 mAh g-1 and 146 mAh g-1, respectively.

2.4.2. Transition metal oxide (TMO) based anode materials
Transition metal oxides are appealing candidates as anode materials for SIBs, owing
to their intrinsically low cost, high capacity, and enhanced safety. Since Alcantara et al.
first introduced the conversion material concept by using NiCo2O4 spinel oxide as an
anode material for SIBs,147 Many research groups have explored various transition
metal oxides (TMOs), including iron oxides (Fe3O4, Fe2O3),149-154 cobalt oxide
(Co3O4),155-161 tin (di)oxides (SnO, SnO2),162-170 copper oxide (CuO),171-176 nickel
oxides (NiO, NiO/Ni),177-179 and manganese oxides (MnO2, Mn3O4),177,180,181 etc.

2.4.2.1. Iron oxides (Fe3O4, Fe2O3) anode materials
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Figure 2.24 TEM image of as-prepared ZIF-8 (a).SEM image of ACN composite (b).
TEM (c) and HRTEM (d) images of ACN composite. Reproduced with permission
[147].
In the conversion reaction mechanism, the sodiation/desodiation process of a TMO
can be described by the following equation (2.1):
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MOx + 2xNa+ + 2xe-

xNa2O + M

(2.1)

It was reported that the following reaction (2.2) could occur when Fe3O4 material hosts
the Na+.150
Fe3O4 + 8e- + 8Na+

3Fe + 4Na2O

(2.2)

Theoretically, up to 8 mol of Na (926 mAh g−1) could be stored in Fe3O4, although the
discharge capacity value of Fe3O4 is lower than the theoretical limit in practice, due to
the sluggish kinetics of sodiation/desodiation.
Liu et al. introduced a composite of Fe3O4-quantum dots (QDs) on hybrid carbon
nanosheets (Fe3O4-QDs/CNs) by strongly bonding ultrafine Fe3O4 quantum dots on
hybrid carbon nanosheets.152 This work took graphene oxide (GO) as a matrix via in-situ
dehydration and crosslinking reactions of glucose under hydrothermal conditions to
obtain the precursor, hydrothermal carbon, on the surface of HTC-coated reduced GO
(rGO) from the ferric salt due to its hydrophilicity. This is the key point that mitigates
the mobility and agglomeration of Fe3O4 clusters at high temperature, eventually
ensuring homogenously dispersed Fe3O4-QDs on HTC-coated rGO. Fe3+ can be
spontaneously adsorbed on dispersed Fe3O4-QDs on hybrid CNs. The micromorphology
of Fe3O4-QDs/CNs was confirmed by TEM images, with the QDs having an average
size of 3.8 nm on hybrid CNs, as shown in Fig. 2.25(a), (b). Fe3O4-QDs/CNs displayed
stable capacity retention, maintaining a high capacity of 360 mAh g-1 after cycling at
varied current densities from 0.1 to 2 and then 0.1 A g-1. There was also excellent
durability for long-term cycling of Fe3O4-QDs/CNs. A capacity of 252 mAh g-1 and
capacity retention of over 70% were obtained after 1000 cycles at the high current
density of 1.0 Ag-1, as presented in Fig. 2.25(d), (e).

2.4.2.2. Cobalt oxides (Co3O4) anode materials
The reversible conversion reaction mechanism of Co3O4 with sodium ions was
proposed by Rahman et al. as follows:153
Co3O4 + 8Na+ + 8e-

4Na2O + 3Co

(2.3)

Theoretically, cobalt oxide can deliver discharge capacity of 890 mAh g−1. Due to this
point, it has aroused much attention.
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Figure 2.25 TEM image of Fe3O4-QDs/CNs (a), size distribution of Fe3O4-QDs (b). CV
curves for Fe3O4-QDs/CNs at a scan rate of 0.2 mVs-1 (c); Rate capability of Fe3O4QDs/CNs, Fe3O4/CNs and CNs electrodes at varied current densities (d); Cycling
stability of Fe3O4-QDs/CNs, Fe3O4/CNs and CNs electrodes at 1.0 Ag-1(e). Reproduced
with permission [152].
Nitrogen-doped carbon-coated Co3O4 nanoparticles (Co3O4@NC) with excellent
electrochemical properties in SIBs were reported by Wang et al. from our institute in
2016.161 The Co3O4@NC was fabricated by utilizing a metal–organic framework, ZIF-
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67, as precursor through a controlled two-step annealing process to convert Co ions and
organic linkers to Co3O4 nanoparticle cores and nitrogen-doped carbon shells,
respectively. As shown in Fig. 2.26(a), (b), it can be observed from the SEM and TEM
images that the Co3O4@NC polyhedron consists of closely packed nanoparticles (NPs)
with a size of ~100 nm that form a rough surface. Co3O4@NC demonstrated very high
electrochemicalperformance in SIBs, delivering a high reversible capacity of 175 mA h
g-1 after 1100 cycles at a high current density of 1000 mA g-1, and rate capability of 506,
317, and 263 mAh g-1 at 100, 400, and 1000 mA g-1, respectively, as presented in Fig.
2.26(c-e).

2.4.2.3. Tin-based oxide anode materials
Recently, many nanostructured tin-based oxide (SnO, SnO2) composites have been
proposed.165,169,170 It was confirmed that SnO and SnO2 were able to store sodium in
their structure through combined conversion and alloying reactions:164
SnO

SnO + 2Na+ + 2e-

2 Sn + Na2O

Sn + Na2O +xNa+ + xeSnO2

SnO2 + 4Na+ + 4eSn + 2Na2O + xNa+ + xe-

conversion reaction

NaxSn + Na2O
Sn + 2Na2O

alloying reaction

conversion reaction

NaxSn + 2Na2O

alloying reaction

(2.4)
(2.5)
(2.6)
(2.7)

The theoretical capacity of SnO and SnO2 in the conversion reaction are 398 and 711
mAh g-1, respectively. Therefore, for different materials, the capacity depends on the
degree of alloying reactions.
Su et al. synthesized mesoporous SnO microspheres via a hydrothermal method
utilizing NaSO4 as the morphology directing agent.165 As displayed in Fig. 2.27, SnO
microspheres present a spherical shape with a homogenous size distribution of ~3 μm.
A typical free-standing individual SnO microsphere consists of many nanosheets with a
thickness of about 20 nm. Each nanosheet has a mesoporous structure with a pore size
of approximately 5 nm. Its discharge and charge curves verified the combined
conversion and alloying reaction. The microspheres delivered the discharge capacities
of 403 mAh g-1 at 20 mA g-1, 371 mAh g-1 at 40 mA g-1, 310 mAh g-1 at 80 mA g-1, and
287 mAh g-1 at 160 mA g-1, respectively, after 50 cycles.
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Figure 2.26 SEM (a) and TEM (b) images of Co3O4@NC; (c) Cycling performance of
pure Co3O4 and Co3O4@NC electrodes for the first 60 cycles at 200 mA g-1; (d) Rate
capability and (e) cycling stability of Co3O4@NC electrode. Reproduced with
permission [161].
Su et al. also reported the fabrication of single crystalline SnO2 nanocrystals with a
uniform octahedral shape by a similar hydrothermal approach.169 As displayed in Fig.
2.28, the SnO2 nanocrystals have a uniform octahedral shape and a homogeneous size
distribution, with an average size of less than 60 nm, an edge-to-edge width iof about 40
nm, and an apex-to-apex length of around 60 nm. This anode material with its unique
structure exhibited excellent cycling performance and good rate performance, delivering
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Figure 2.27 SEM images of SnO microspheres (a), and free-standing individual SnO
microspheres- (b), (c). Medium-resolution TEM image of SnO microspheres (d) taken
from the region marked with a rectangle in (b). High-resolution TEM image of SnO
microspheres (e). Cycling performance of SnO microspheres at the current densities of
20, 40, 80, and 160 mAg-1(f). Reproduced with permission [165].
a capacity of 432 mA h g-1 at the current density of 20 mA g-1 and 175 mA h g-1 at the
current rate of 160 mA g-1 after 100 cycles.
Another tin-based oxide composite SnO2@3DG was proposed by Chen’s group.170
They utilized ice-templating to obtain ultrasmall SnO2 nanoparticles embedded in three-
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Figure 2.28 SEM image (a) and TEM image (b) of octahedral SnO2 nanocrystals. SEM
images of typical free standing octahedral SnO2 nanocrystals (c) and (d). Dischargecharge curves of octahedral SnO2 nanocrystals in the 1st, 2nd, 5th, 10th, and 20th cycle at a
current rate of 20 mAg-1(e). Cycling performance of octahedral SnO2 nanocrystals at
current densities of 20, 40, 80 and 160 mA g-1(f). Reproduced with permission [169].
dimensional (3D) graphene (SnO2@3DG). The 3D structure of SnO2@3DG is clearly
shown in Fig. 2.29, where the uniform nanocrystals of SnO2 with an average particle
size of 3.4 nm are homogeneously distributed on the graphene sheets. The high
distribution of SnO2 nanoparticles in the 3DG network is the main feature of
SnO2@3DG, which improves electron/ion transport in the electrode. The composite
displayed high cycling stability and high rate performance, delivering a reversibl e
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Figure 2.29 SEM images of SnO2@3DG (a), (b). TEM images of SnO2@3DG (c), (d),
with the inset of (c) showing the particle size distribution and the inset of (d) showing
the corresponding selected area electron diffraction pattern. Rate performance of
SnO2@3DG and SnO2@2DG cycled at varied current densities from 50 to 800 mA·g–1
(e). Cycling performance comparison of SnO2@3DG and SnO2@2DG at the current
rate of 100 mA·g–1 (f). Reproduced with permission [170].
capacity of 432 mAh g-1 after 200 cycles at 100 mA g-1 with a capacity retention of
85.7%. Even at a high current density of 800 mA g-1, a reversible capacity of 210 mAh
g-1 was still observed.

2.4.3. Transition metal sulphide (TMS) based anode materials
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Transition metal sulphide (TMS) materials have also been believed to be promising
sodium storage materials due to their high theoretical capacities through electrochemical
conversion

reactions

as

along

with

the

transition

metal

oxides.

In

the

sodiation/desodiation process, compared to the related transition metal oxides, transition
metal sulphides have great advantagesbecause the M–S bonds in metal sulphide are
weaker than the corresponding M–O bonds in metal oxides, which can be kinetically
favorable for conversion reactions with Na+ ions.181 Therefore, many metal sulfides
have been extensively explored as high anode candidates for SIBs including iron
sulphides (FeS, FeS2),183,184 cobalt sulphides (CoS, CoS2),185,186 molybdenum sulfides
(Mo2S, MoS2),187,188 zinc sulfide (ZnS),189 tin sulfides (SnS, SnS2),190-192 etc.
In the case of MoS2, the intercalation and conversion reactions are described as the
following two-step reactions: 193
MoS2 + xNa+ + xe-

NaxMoS2

NaxMoS2 + (4- x) Na+ + (4 - x) e-

(2.8)
2Na2S + Mo

(2.9)

Xiong et al. prepared a flexible membrane consisting of MoS2/carbon nanofibers
(MoS2-CNFs) via a simple electrospinning approach.188 As displayed in Fig. 2.30(a) and
(b), MoS2-CNFs consist of some interconnected one-dimensional nanofibers with an
average diameter of about 150 nm and a smooth surface. The TEM images clearly show
that MoS2 nanosheets with layered structure are uniformly distributed on the surface
and/or embedded in the CNF framework, as seen in Fig.2.30 (c). Due to their great selfstanding and flexible properties, MoS2-CNFs were made into a binder-free electrode,
which presented the excellent cycling performance, achieving a charge capacity of
283.9 mAh g-1 at 100 mA g-1 after 600 cycles and superior rate capability, delivering the
capacities of 283.3, 246.5, and 186.3 mAh g-1 at 0.5, 1, and 2 A g-1, respectively, as
displayed in Fig. 2.30(e), (f). Equations (2.8) and (2.9) are well confirmed by the typical
peaks on the cyclic voltammetry (CV) curves.
In the case of SnS, the following combined conversion （1） and alloying （2）
reactions as following were proposed by Wu et al.192
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Figure 2.30 Morphologies of MoS2-CNFs nanofibers in SEM (a) and TEM (b), (c)
images. Initial three cycles of CV curves for MoS2-CNFs (d). Cycling performance of
the MoS2-CNFs electrode at a current rate of 100 mA g-1 (e). Rate capability of MoS2CNFs at different current densities (f). Reproduced with permission [188].
SnS + 2Na+ + 2eSn + 3.75Na+ + 3.75e-

Na2S + Sn

(theoretical capacity 355 mA h g-1)

Na3.75 Sn

(theoretical capacity 667 mA h g-1)

(2.10)
(2.11)

Therefore, the overall theoretical capacity of SnS in SIBs is 1022 mAh g-1. In this
work, they fabricated a tin (II) sulfide–carbon (SnS–C) nanocomposite via a facile high
energy mechanical milling (HEMM) approach under an argon atmosphere. In the SnS–
C nanocomposite, well-crystallized SnS nanoparticles with a size of about 15 nm were
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embedded uniformly in the conductive carbon matrix, as shown in Fig. 2.31. This is the
crucial factor for providing good electrical conductivity and buffering the volume
change during cycling. The reductive and oxidative peaks appearing on the CV curves
are all consistent with the conversion (2.10) and alloying (2.11) reactions. The
composite also exhibited good cycling stability, delivering a capacity of 548 mAh g-1
over 80 cycles, and excellent rate capability, offering a reversible capacity of 452 mAh
g-1 even at the current density of 800 mA g-1.

2.4.4. Alloy materials
Alloying materials that have the ability to form binary alloy compounds with Na can
be suggested as attractive anodes for SIBs because they can store a large number of
sodium ions in the host structure with a relatively low operating potential (below 1.0
V).128,129 A single atom may combine with multiple Na atoms leading to a high specific
capacity during the electrochemical insertion/extraction reactions.3 Depending on the
host materials and electrochemical sodiation levels, however, the large Na+ ion can give
rise to huge volume expansion during the alloying–dealloying reaction. These repetitive
volume changes under the restraints compelled by the battery packaging are responsible
for complex mechanical stresses in the active particles, ultimately leading to their
fracture or pulverization.43 Many strategies have been employed to fix this problem, by
focusing on investigating the electrochemical and mechanical responses to Na
interactions of alloy materials such as Si, Ge, Sn, P, Sb, Bi, etc.194-205

2.4.4.1. Tin and Si-based alloying compounds
Sn has been regarded as one of the most promising anode materials owing to its high
theoretical specific capacity of 847 mAh g-1, based on the full sodiation state of
Na15Sn4.206,207 The sodiation process of Sn has been proposed to proceed through the
following a series of steps: 206,209,212
Step one: Na + Sn → NaSn3, step two: Na + NaSn3→ α-NaSn, step three: 5Na + 4(αNaSn) → Na9Sn4, step four: 6Na + Na9Sn4→ Na15Sn4.
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Figure 2.31 CV curves of the SnS–C nanocomposite (a). Initial discharge–charge
profiles of the SnS–C and Sn–C electrodes (b). Rate capability of the SnS–C and Sn–C
electrodes at different current rates (c). Cycling performances of the SnS–C and Sn–C
electrodes at a current rate of 100 mA g-1 (d). Morphologies of the SnS–C
nanocomposites SEM image (e), TEM image (f). Reproduced with permission [192].
It can be noted that the big volumetric expansion occurring in the sodiation process
is the main problem that needs to be overcome for the tin-based materials, as shown in
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Scheme 2.2. To date, various approaches have been devoted to addressing this issue.198,
199, 208, 210, 211

Liu and co-workers prepared Sn nanodots that were finely encapsulated in porous Ndoped carbon nanofibers (NDs@PNC) by an electrospinning technique and subsequent
thermal treatment.199 From the SEM and TEM images shown in Fig. 2.32, it can be
found that the fibers are smooth and continuous, with an uniform diameter of about 120
nm, which interlink into a 3D network, with many Sn nanodots homogeneously
encapsulated in the porous carbon matrix. When the as-prepared NDs@PNC with a
flexible free-standing membrane was directly used as binder- and current-collector-free
anode, it demonstrated exceptional electrochemical performance, delivering a reversible
capacity of 633 mAh g-1 at the current rate of 200 mA g-1 and impressive rate capability,
achieving the capacity of 450 mA h g-1 even at 10 000 mA g-1 and 483 mAh g-1 over
1300 cycles at 2000 mA g-1.
Another Sn/N-doped carbon microcage composite (Sn/NMCs) was fabricated via a
simple spray drying approach by Ying et al.

211

The microspheres of Sn/NMCs are

about 3 mm in size with Sn nanodots uniformly embedded inside, as presented in Fig.
2.33. This typical structure of Sn/NMCs significantly improved the Na-storage capacity
and cycle life of Sn as well as its rate capability. It could exhibit very promising cycling
and rate performance, delivering a capacity of 332 mAh g-1 over 300 cycles at 50 mA g1

and obtaining 149 mAh g-1 after changing the current density to 5A g-1.

Scheme 2.2 Schematic illustration of the structural evolution of Sn electrode during the
sodiation. Reproduced with permission [209].
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Figure 2.32 SEM (a) and, TEM (b) images of Sn NDs@PNC nanofibers. Rate
capability and cycling performance of Sn NDs@PNC with different Sn contents (c).
Long-term cycling stability of Sn NDs@PNC at a current density of 2A g-1 (d).
Reproduced with permission [199].
Among the alloying materials, Si-based anode materials have been attracting more
and more attention because they have demonstrated reversible Na-ion uptake through
electrochemical alloying reactions with Na.194,195 During the sodiation process, a twophase equilibrium reaction will occur as follows: xNa + Si ↔ xNaSi + (1− x) Si, which
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Figure 2.33 TEM (a) and HRTEM (b) images of Sn/NMCs. (c) Galvanostatic
discharge/charge profiles of Sn/NMCs tested at different rates (from 20 to 5000 mA g-1)
(c). Rate performance of Sn/NMCs (d). Cycling performance of Sn/NMCs at 50 mA g-1
(e). Reproduced with permission [211].
would enable a sizeable capacity of 954 mAh g-1, although the low conductivity and
large volume changes during cycling are the main challenges facing the development of
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Si-based anode materials. Thus far, some research works have obtained positive results
towards addressing these issues.213-215
Zhang et al. from our institute reported the fabrication of a binder-free bamboorattle type Si/C film via electrospinning technology. 215 It can be seen from the SEM and
TEM images in Fig. 2.34 that the flexible Si/C film is composed of Si/C nanofibers. In a
single Si/C nanofiber, yolk–shell structured carbon/void/Si (CVS) particles are
embedded inside the bamboo-like Si/C nanofiber. When the composite was tested as a
free standing electrode, it exhibited high reversible capacity, ultrafast sodium storage,
and outstanding cyclability, achieving a capacity of 454.5 mAh g-1 at 50 mA g-1 after
200 cycles, and 312 mAh g-1 over 2000 cycles, even at a current density as high as 5A
g-1.

2.4.4.2. Phosphorus-based alloying compounds
Phosphorus (P) is the most promising anode materials for SIBs due to its
electrochemical reaction with sodium to form Na3P at an attractive potential and its light
atomic weight, obtaining the highest theoretical capacity of 2596 mA h g-1.
Phosphorous exists in three main allotropes: white phosphorus, red phosphorus, and
black phosphorus. Among these allotropes, white phosphorus is not chemically stable,
while the synthesis of black phosphorus is not facile. Red phosphorus is usually
amorphous in nature and is widely commercially available.216 Similarly, P-based
electrode materials also face the same challenges as the others, the low conductivity and
large volume changes during cycling. Therefore, many researchers have explored
various strategies to address this issue.217-226
Yang’s group, the pioneers in developing phosphorus-based materials for SIBs,
reported an amorphous phosphorus/carbon (a-P/C) nanocomposite synthesized by highenergy ball-milling of commercial red phosphorus powder and amorphous carbon
black.217 a-P/C shows a disordered structure, and the phosphorus clusters are highly
dispersed in a carbon matrix. a-P/C exhibited greatly enhanced electrochemical
performance with initial charge/discharge capacities of 2015 mAh g-1 and 1764 mAh g1

, respectively, remaining steady for up 930 mAh g-1 over 140 cycles at a current rate of

250 mA g-1. It also presented excellent rate capability, achieving capacity of 1764 to
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Figure 2.34 SEM (a) and TEM (b) images of bamboo-rattle-like architecture of Si/C-3
composite. Cycling performances of Si/C-3 and pure CNFs at a current rate of 50 mA g1

(c). Rate capability of Si/C-3 at different current densities (d). Cycling stability test at

a current rate of 5 A g-1 (e). Reproduced with permission [215].
640 mAh g-1 at various charge/discharge current densities, ranging from 250 to 4000
mA g-1, as displayed in Fig. 2.35(a), (c), (e).
In 2014, Song et al. prepared a phosphorus/graphene nanosheet composite (P/G
hybrid) via ball milling of red phosphorus and graphene stacks.219 This approach made
use of the large surface area and flexibility of graphene nanosheets to conform to the
phosphorus particles during milling, thus enhancing the overall conductivity and
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Figure 2.35 TEM images of the a-P/C composite (a) and the P/G hybrid (b). Long-term
cycling performance of a-P/C (c) and P/G hybrid (d). Rate performance of a-P/C (e) and
P/G hybrid (f). Reproduced with permission [217][219].
improving the material’s tolerance for the large volume changes of phosphorus during
cycling. The P/G hybrid displayed very high Na storage capability, delivering a
reversible capacity of 1700 mAh g-1 at a current density of 260 mA g-1 after 60 cycles
and good rate performance, exhibiting capacity of 1700 to 750 mAh g-1 as the current
rate changed from 0.2 C to 2 C, as shown in Fig.2.35(b), (d), (f).
A red P − single-walled carbon nanotube composite (red P-SWCNT) was fabricated
by Wang’s group by a modified vaporization-condensation method.220 The composite
combined P particles into the highly conductive and mechanically strong SWCNT
network, which enhances the conductivity of the composite and stabilizes the solid-
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electrolyte interphase. P-SWCNT presented promising rate capability, delivering stable
desodiation capacities of 700 to 300 mAh/gcomposite, corresponding to the changing
current densities from 50 to 2000 mA/gcomposite. The composite also exhibited improved
cycling performance, achieving a very stable reversible capacity of 580 mAh/gcomposite
under the current density of 500 mA/gcomposite over 200 cycles without capacity decay, as
shown in Fig. 2.36(a), (c), (e).
Yu’s group synthesized a red P/carbon composite (P@N-MPC) with a core/shell
structure by confining amorphous red phosphorus in metal-organic framework (MOF)-

Figure 2.36 TEM images of PSWCNT (a) and P@N-MPC (b). Rate performance of
PSWCNT (c) and P@N-MPC (d). Cycling performance of PSWCNT (e) and P@NMPC (f). Reproduced with permission [220][224].
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structure by confining amorphous red phosphorus in metal-organic framework (MOF)derived N-doped microporous carbon,224 as shown in Fig. 2.36(b). In the TEM image of
P@N-MPC, no obvious red P residue appears on the surface of the N-doped
microporous carbon, which reveals that the micropores in the N-MPC matrix are
partially occupied by red P nanoparticles. The P@N-MPC composite displayed
improved rate capacity, delivering a reversible capacity ranging from 684 to 291 mAh g1

with the current rate ranging from 0.3 mA g-1 to 8 A g-1, and exhibited excellent

cycling performance with capacity of 450 mAh g-1 at 1 A g-1 after 1000 cycles, as seen
in Fig 2.36(d), (f).
Another strategy to address the drawbacks of P anode is the fabrication of P@RGO
composite, where red phosphorus nanodots are densely and uniformly deposited on
reduced graphene oxide sheets, as illustrated in Fig. 2.37(a).225 The resultant P@RGO
flexible anode revealed the much better cycling stability than pure red P, achieving a
capacity of 914 mAh g-1 over 300 cycles at the current density of 1.59 A g-1. Excellent
rate performance was also observed. The P@RGO flexible anode could deliver average
capacities ranging from 1165.4 to 135.3 mAh g-1 at various current densities from 159.4
to 47818.3 mA g-1, as displayed in Fig. 2.37(d), (g).
Zhang et al. also prepared a flexible paper (P@GN) with bread-and-butter-like
structure consisting of amorphous P layer@N-doped graphene framework.226 They
selected few-layered N-doped graphene as the substrate and made the P nanoparticles
embed on the framework via a phase-transformation route. This disordered and flexible
layered structure of P@GN, in which the amorphous P nanoparticles are well dispersed,
is clearly confirmed by the SEM and TEM images in Fig. 2.37(b) and (c). P@GN
afforded remarkable rate performance, delivering a reversible capacity of 809 mAh g-1
at the current density of 1.5 A g-1 and long-term cycling stability, achieving the Na
storage capacity of 892 mAh g-1 at the current rate of 800 mA g-1 over 350 cycles, as
shown in Fig. 2.37(e).

2.4.5. Organic compounds
In recent years, some organic compounds have been chosen as anode materials due to
their several advantages, such as their chemical diversity, tunable redox property, i n
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Figure 2.37 TEM image of P@RGO (a). SEM image of the cross-section of P@GN
paper (b), with the inset a photograph of its bending capability. TEM image of P@GN
portion (c). Cycling performance of the P@RGO (d). Rate capability of P@GN (e).
Discharge/charge profile of a P@GN electrode at 200 mA g-1(f). Rate performance of
the P@RGO (g). Cycling performance of P@GN at 200 mA g-1 and 800 mA g-1(h).
Reproduced with permission [225][226].
which the redox reaction of organic carbonyl materials is less influenced by the ionic
size of alkali ions,227 light weight, mechanical flexibility, and cost-effective
aspects.228,229 Therefore, the major organic carbonyl compounds, including the
conjugated carboxylates,230,231,232 imides,233 quinones,234,235 and Schiff base-groups,236
are being widely investigated as promising alternative anode materials for SIBs.
Wang et al. synthesized conjugated carboxylate, perylene 3,4,9,10-tetracarboxylic
dianhydride (PTCDA) and its derivative tetrasodium perylene 3,4,9,10-tetracarboxylic
dianhydride (NaPTCDA).230 As shown in Fig. 2.38, both PTCDA and NaPTCDA
revealed good sodium storage performance although there are obvious differences in the
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Figure 2.38

Molecular structures of PTCDA and NaPTCDA (a). CV curves of (b)

PTCDA and (c) NaPTCDA electrodes. Cycling performances of (d) PTCDA and (e)
NaPTCDA at a current density of 25 mA g-1. Reproduced with permission [230].
sodium insertion/extraction process between them, so that they exhibited different Na
storage capacity. In comparison, PTCDA displayed much better cycling performance,
delivering a reversible capacity of 250.5 mAh g-1 at the current rate of 25 mA g-1 over
140 cycles, while NaPTCDA could only reach a capacity of 131.1 mAh g-1 after 120
cycles under the same current density as PTCDA .
Another polyimide, 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA)derived polyimide (i.e. PNTCDA) was prepared by Xia’s group.233 PNTCDA displayed
excellent cycling stability and a high rate capability, achieving a reversible capacity of
136.6 mAh g-1 at 140 mA g-1 (1 C) over 500 cycles and a capacity of 84 mAh g-1 at
32C, as presented in Fig. 2.39.
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Figure 2.39 Possible electrochemical redox mechanism of PNTCDA (a). Cycling
performance of Na/PNTCDA at 1C (b). CV curve of PNTCDA (c). Discharge capacities
of Na/PNTCDA at different current rates (d). Charge–discharge profiles of PNTCDA at
varying currents from 1C to 30C (e). Reproduced with permission [233].

2.5. Electrolyte
The selection of electrolyte for SIBs has a significant impact on the electrochemical
behavior of electrodes. Electrolytes are mainly composed of salts and solvents. In
addition, additives which act on formation of surface passivation layers, namely, the
solid-electrolyte interphase (SEI), are also added into the electrolytes. In general, the
electrolyte used in SIBs should comply with these requirements: (1) chemically stable,
(2) electrochemically stable, (3) thermally stable, (4) ionically conductive and
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electronically insulating, and (5) having low toxicity with low production cost. These
features intrinsically depend on the nature of the salts and the solvents as well as the
possible use of additives. Therefore, the salt should meet these requirements: (1)
solubility in the solvent, (2) chemical stability without reduction or oxidation, as well as
reacting with the cell components. As for the solvent, it should possess these
characteristics: (1) be polar with a high dielectric constant, (2) have low viscosity for
increasing the ionic mobility, (3) remain inert to the charged surfaces of SIBs during
cycling, and (4) have a low melting point and a high boiling point.

237,238

The most

commonly employed sodium salts and solvents as well as additives are shown in Fig.
2.40. Their basic properties are also listed in Table 2.3 for Na salts and Table 2.4 for
solvents and additives.

2.6 Binder
Likewise, the binder plays as important a role as the electrolyte in improving the
electrode performance. A desirable binder should have the functions of stabilizing
the electrode surface and suppressing electrode distortion during the sodiationdesodiation process. The most commonly used binders such as Polyvinylidenefluoride,

Figure 2.40
permission[55].

Electrolytes recently used in current SIBs. Reproduced with
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Table 2.3 Na-salts used for sodium ion battery electrolytes. Reproduced with
permission [237].
Salt

NaClO4

Anion chemical structure

Mw [g mol-1]

122.4

Tm [°C]

σ [mS cm-1]

468

6.4

NaPF6

167.9

300

7.98

NaCF3SO3

172.1

248

1.7

NaTFSI

303.1

257

NaFSI

203.3

118

NaBF4

109.8

384

6.2
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Table 2.4 Solvents and additives commonly used for sodium ion battery electrolytes.
Reproduced with permission [237].
Solvent

Tm (°C) Tb (°C) Tf (°C)

η (cP) 25°C

36.4

248

-48.8

242

132

2.53

64.92

4.6

91

18

0.59

3.107

-74.3

126

31

-53

110

-58

84

-64

162

57

-46

216

111

18

212

160

0

102.2

1.9 (40 °C)

ε 25° C AN (DN)

89.78

18.3

0.75

2.805

0.65

2.958

0.46

7.18

10.9

7.4

9.9

7.53

10.5

1.06

3.39
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Figure 2.41 Recent research progress on binders for current SIBs. Reproduced with
permission [55].
Polytetrafluoroethylene, Carboxymethyl cellulose, Polyacrylic acid and Sodium alginate
are shown in Fig. 2.41.
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Chapter 3
Experimental Procedure
3.1. Overview
The general procedure in this thesis work is illustrated in Scheme 3.1. Three
different anode materials, a phosphorus/N-doped carbon nanofiber (P/NCF), SnO2–
polypyrrole nanotubes and carbon-encapsulated Sn@N-doped carbon tubes (C@Sn@NDoped Carbon) were first fabricated via facile chemical vapor deposition (CVD) and
hydrothermal methods, respectively. Thereafter, these materials were characterized by a
series of techniques, such as X-ray diffraction (XRD), Raman spectroscopy, Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
thermogravimetric analysis (TGA), Brunauer-Emmett-Teller (BET) measurements,
scanning electron microscopy (SEM), transmission electron microscopy (TEM), etc.
Their electrochemical performances were finally measured for SIBs.

Scheme 3.1 The general procedure of this thesis work.
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3.2. Chemicals and Materials
The chemicals and materials used in this work are listed in Table 3.1.
Table 3.1 Chemicals and materials used in this work.
Materials/Chemicals
Cetyltrimethylammonium
bromide (CTAB)
Pyrrole
Ammonium persulfate
(APS)
Red phosphorus
Iron (III) chloride
Methyl orange

Formula

Purity (%)

Supplier

98+

Sigma

C4H5N

98+

Sigma

(NH4)2S2O8

98+

Sigma

P

97+

Sigma

FeCl3

97+

Sigma

N/A

Sigma

CH3(CH2)15N(Br)(CH3)3

C14H14N3NaO3S

Hexamethylenetetramine

C6H12N4

N/A

Sigma

Urea

NH2CONH2

98+

Sigma

Tin (II) chloride dehydrate
Ammonia solution
Formaldehyde solution
Resorcinol

96+

Sigma

NH3·H2O

28

Sigma

HCHO

37

Sigma

98+

Sigma

SnCl2·2H2O

C6H4-1,3-(OH)2

Carboxymethyl cellulose
(CMC)

C8H16NaO8

N/A

Sigma

Carbon

C

99+

Sigma

Copper foil

Cu

N/A

China

Sodium metal

Na

99.9

Sigma

Sodium perchlorate

NaClO4

98+

Sigma

Ethylene carbonate
(EC)

C3H4O3

99+

Sigma

99+

Sigma

Diethyl carbonate
(DEC)
Fluoroethylene carbonate
(FEC)

(C2H5O)2CO
C3H3FO3

99+

Sigma
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3.3. Materials Preparation
3.3.1. Polymerization
Polymerization is a chemical process in which the monomer molecules react together
to form polymeric compounds (i.e. polymer chains) with different structures. It is
mainly categorized into four kinds: (1) Step-growth. The polymers are defined as
polymers formed by the stepwise reaction between functional groups of monomers,
usually containing heteroatoms such as nitrogen or oxygen. (2) Chain-growth
polymerization. It involves the linking together of molecules incorporating double or
triple

carbon-carbon bonds.

(3)

Photopolymerization.

Most

photopolymerization reactions are chain-growth polymerizations that are initiated by the
absorption of visible or ultraviolet light. (4) Physical polymer reaction engineering.
This involves producing a high-molecular-weight, uniform product by controlling the
initiation, propagation, and termination rates during chain polymerization and also
removing excess concentrated heat during these exothermic reactions. In this work, I
use the polymerization of pyrrole to form polypyrrole (PPy) matrix.

3.3.2. Chemical Vapour Deposition (CVD) Method
Chemical vapor deposition (CVD) is a chemical process applied for producing high
quality, high-performance, solid materials. Generally, CVD runs in a closed device with
some controlling valves. In typical CVD, the substrate is exposed to one or
more volatile precursors, which react and/or decompose on the substrate surface to
produce the desired deposit. For nanomaterial-preparation processes the CVD method is
widely used to deposit materials in various forms, such as monocrystalline, amorphous,
and epitaxial. In this doctoral work, I utilize N-doped carbon nanofiber as matrix to host
the red phosphorus nanoparticles to form the phosphorus/N-doped carbon nanofiber
(P/NCN).

3.3.3. Hydrothermal Method
Hydrothermal synthesis is a low-cost and environmentally friendly technique, which
can be used as a method to synthesize the desired materials with the desired
morphology and crystal structure. The preparation process is carried out in an apparatus
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consisting of a stainless-steel pressure vessel called an autoclave. The parameters of the
hydrothermal synthesis need to be controlled in a sophisticated way, including the
temperature, pH value, pressure, surfactant, solution/suspension concentration, etc. In
this experimental work, I used 4748 Acid Digestion Bombs with 45 ml capacity to
fabricate SnO2@PPy and SnO2@N-doped carbon nanotubes.

3.4. Characterization Techniques
3.4.1. X-ray Powder Diffraction (XRD)
X-ray diffraction (XRD) is a basic technique to determine the structural
characterization of materials. X-rays can be regarded the waves of electromagnetic
radiation while crystals are regular arrays of atoms. When X-rays strike the crystals, the
periodic lattice found in the crystalline structures serves as a diffraction grating for
electromagnetic radiation with wavelengths of a similar order of magnitude. X-rays
scattered by each set of lattice planes at a unique angle will be scattered coherently “inphase’’ in certain directions to meet the standard of constructive interference that is
determined by Bragg’s law:
2dsinθ = nλ

(3.1)

Where d represents the distance between lattice planes, λ is the X-ray wavelength of
the incident beam, and n is an integer, while θ denotes the angle of incidence with the
lattice plane. In an X-ray diffractometer, the Cu anode is irradiated by a beam of highenergy electrons under vacuum conditions, while a hatch in the X-ray tube permits Xrays to go through with little damping. In this work, a GBC MMA diffractometer was
used with Cu Kα radiation, λ = 1.54056 A˚. The powder samples were loaded onto a
small disc-shaped sample holder, which was put on one axis of the diffractometer and
tilted by an angle θ, while a detector rotated around it on an arm with a 2θ angle.

3.4.2. Fourier transform infrared (FTIR)
Infrared spectroscopy (IR spectroscopy or vibrational spectroscopy) is a common
method based on absorption spectroscopy, due to its interaction with a sample. It
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exploits the fact that molecules absorb frequencies that are characteristic of
their structure. The infrared spectrum of a sample is recorded by passing a beam of
infrared light through the sample. When the frequency of the IR is the same as the
vibrational frequency of a bond or collection of bonds, absorption occurs. Measurement
of the transmitted light displays how much energy was absorbed at each frequency (or
wavelength).

The

entire

wavelength

range

is

covered

using

a Fourier

transform instrument. In this doctoral work, a Nicolet Avatar 360 FTIR Fourier
transform infrared spectrometer was used to collect FTIR spectra. The samples were
mixed with KBr powder, which acts as the background file, followed by placing the
samples in a sample cup.

3.4.3. Raman Spectroscopy
Raman spectroscopy is commonly used in chemistry to provide a fingerprint by which
molecules can be identified. It can observe vibrational, rotational, and other lowfrequency modes in a system. In a Raman spectrometer, a laser beam interacts with
molecular vibrations, phonons, or other excitations of the sample, leading to
characteristic shifts in laser phonons. In this work, Raman spectra were collected using
a JOBIN Yvon Horiba Raman Spectrometer model HR800 with a 10 mW helium/neon
laser at 632.8 nm excitation in the range of 200 to 2000 cm-1.

3.4.4. X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique to
investigate the elemental composition and the quantity of those elements existing within
the sample surface, the chemical and electronic states of the identified elements, the
binding energy of the electronic states, etc. In this doctoral work, X-ray photoelectron
spectroscopy (XPS) was conducted using a SPECS PHOIBOS 100 Analyser installed in
a high-vacuum chamber with base pressure below 10-8 mbar. X-ray excitation was
provided by Al Kα radiation with photon energy hν = 1486.6 eV at the high voltage of
12 kV and power of 120 W. The XPS binding energy spectra were collected at the pass
energy of 20 eV in the fixed analyzer transmission mode. Analysis of the XPS data was
carried out using the commercial CasaXPS 2.3.15 software package. All the spectra
were calibrated by C 1s = 284.6 eV.

3.4.5. Thermogravimetric Analysis (TGA)
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Thermogravimetric analysis (TGA) is a thermal analysis method to investigate the
chemical changes or physical weight variations of materials with increasing
temperature. In this doctoral work, a Mettler Toledo TGA/DSC1 was employed in
measuring the PPy, N-doped carbon, SnO2, and Sn contents in the samples.

3.4.6. Brunauer-Emmett-Teller (BET)
The Brunauer-Emmett-Teller (BET) method is a very important analysis technique to
identify the physical adsorption of gas molecules on a solid surface and measure the
specific surface area of a material. It is conductedat liquid nitrogen temperature (77 K)
over different relative pressures. In order to get accurate results, pre-drying and
degassing are necessary. The surface area of samples can be calculated using
experimental points at a relative pressure of P/P0 = 0.05-0.25. Pore size distributions can
also be obtained via the Barrett-Joyner-Halenda (BJH) method, depending on the
amount of nitrogen absorbed at a relative pressure of P/P0 = 0.99. In this work, nitrogen
sorption was measured by a Quantachrome Autosorb-IQ MP.

3.4.7. Scanning Electron Microscopy (SEM)
A scanning electron microscope (SEM) is a type of electron microscope
which scans the sample with a high-energy beam of electrons to form images of it.
The electrons interact with atoms of the sample, generating various signals that can
be detected and contain information on the sample’s surface topography or
composition, and other properties including electrical conductivity, etc. Usually, SEM
is equipped with some other detectors which have other analytical capabilities such as
energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS). EDS is an analytical
technique that is used to detect the elemental analysis or chemical characteristics of a
sample. Its characterization capabilities rely on an interaction between some source of
X-ray excitation and the sample, because each element has a unique atomic structure,
allowing a unique set of peaks on its X-ray spectrum. In my doctoral work, field
emission scanning electron microscopy (FESEM; JEOL JSM-7500FA) was employed
to detect the morphology and elemental mapping of the samples.

3.4.8. Transmission Electron Microscopy (TEM)
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Transmission electron microscopy (TEM) is a microscopy technique where an electron
beam is transmitted through an ultra-thin specimen, interacting with the sample when it
passes through. TEM can be used to observe the morphology, lattice spacing, crystal
orientation, and electronic structure. Its selected area electron diffraction (SAED)
capability can be used to identify crystal structures and examine crystal defects.
Scanning transmission electron microscopy (STEM) is a form of TEM modified by
adding a system which rasters the beam across the sample to form the image. In this
doctoral work, TEM of the samples was carried out using transmission electron
microscopy (TEM, JEOL 2011, 200 keV) and scanning transmission electron
microscope (STEM, JEOL ARM200F).

3.5. Electrochemical Measurements
3.5.1. Electrode Preparation for SIBs and Half-Cell Assembly
Electrodes were prepared by mixing active materials, conductive carbon black, and
binder (carboxymethyl cellulose (CMC)) in a predetermined weight ratio. After
thoroughly grinding the electrode constituents with a mortar and pestle, an appropriate
solvent (deionized water) was added into the mixture. An electrode slurry could be
formed by mixing in a rotary mixer. This was followed by coating it on copper foil, then
drying in a vacuum oven overnight at 80 °C, followed by pressing it with a pressure of
20 MPa. The average mass loading for an electrode was 1.2 mg cm-2. Then, the
electrodes were assembled in 2032-type coin cells in an Ar-filled glove box. Sodium foil
was cut by the doctor blade technique from a sodium cube stored in mineral oil, and it
then was used as both reference and counter electrode. A schematic diagram of the Na
half-cell assembly is displayed in Figure 3.2. The working electrode was first placed at
the positive cap, and then 2 drops of electrolyte were dropped in. Then, the separator
was placed on top of the working electrode followed by dropping an extra 2 drops of the
electrolyte. The Na electrode, steel spacer, spring and negative cap were placed
subsequently. Finally, the coin cell was sealed.
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Scheme 3.2 Schematic illustration of half-cell assembly.

3.5.2. Cyclic Voltammetry (CV)
Cyclic voltammetry (CV) is an important electroanalytical technique used to detect
the electrochemical activity of electrode materials including the electron transfer
kinetics, the presence of intermediates, and the reversibility of a redox reaction. In a
typical CV experiment, the potential of a working electrode is scanned with a specified
scan rate, and then the response current is collected. In this doctoral work, the CV data
were obtained from a Biologic VPM-3 electrochemical workstation. All the CV testing
is based on the two-electrode model, in which sodium foil acts as the reference
electrode and counter electrode.

3.5.3. Galvanostatic Charge-Discharge
Galvanostatic charge-discharge testing was conducted in constant current density
mode to test the capacity and cycling performance of the materials in a certain voltage
range. This testing technique can also be used to estimate the rate capability of the
electrode materials by using a variety of current densities. The charge or discharge
capacity can be calculated from the applied current and the total time. In this
doctoral work, galvanostatic charge-discharge measurement data were collected on a
Land Battery Tester.
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3.5.4. Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) is an important experimental
measurement technique to investigate the inner resistance of a sodium-ion cell. EIS can
measure the charge transfer resistance, double layer capacitance, and ohmic resistance
of a cell. Usually, the impedance spectrum of a cell includes a high-frequency
semicircle and a low-frequency linear tail, respectively. The semicircle is attributed to
the kinetic processes reflecting the charge transfer resistance and the double layer
capacitance. The linear tail relates to the diffusion of alkali ions into the bulk of the
electrode materials from the electrolyte. In this doctoral thesis, EIS data were obtained
on a Biologic VPM3 electrochemical workstation.
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Chapter 4
A phosphorus/N-doped carbon nanofiber
composite as an anode material for sodiumion batteries
4.1. Introduction
Currently, SIBs are believed the promising alternatives to lithium ion batteries
(LIBs) in large-scale applications. But the critical problem of lower energy density
limits the further development of SIBs. It is an especially great challenge to obtain a
promising anode material for SIBs, because the commercial graphite used in LIBs is not
suitable for SIBs due to the larger size of the sodium ion compared to the lithium ion.
Recently, elemental phosphorus (P) was found to be an attractive anode material,1–3
as it can give a high theoretical specific capacity of 2596 mA h g-1 to form the Na3P
phase.4 In addition to the high capacity, utilization of phosphorus as an anode material
has the advantages of natural abundance and low cost. Phosphorus shows great potential
as an anode material for the next generation of sodium batteries, which should be
capable of offering high energy density as power sources at low cost. It has been
reported, however, that sodium batteries with P as the anode have some problems
related to the low utilization efficiency of the active materials and poor cycle life.5 This
is because red phosphorus has very low electrical conductivity (1 × 1014 S cm-1),6 which
leads to poor electrochemical accessibility and low utilization of the phosphorus in the
electrode. Studies of the Na–P binary system have indicated that each phosphorus atom
can accommodate up to 3 sodium atoms, leading to the formation of the Na3P phase,
accompanied by a volume expansion of 300%.7–10 This huge volume change would give
rise to the disintegration of the electrode and loss of electronic contact between the P
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particles, resulting in the formation of cracks, followed by pulverization of the active
mass particles and permanent capacity loss.
To solve the problems of the low conductivity and large volume changes in P
anodes, several research efforts have been focused on the development of composites
consisting of phosphorus and carbonaceous materials, which have yielded better
capacity retention and cycle life than pure P anodes.7–9,11 Its relatively low mass, good
electronic conductivity, reasonable Na-insertion capability, and small volume
expansion, coupled with softness and compliance, make carbon the best active
matrix.12,13
The pioneering research on P anodes was conducted by Yang's7 and Lee's8 groups,
who developed phosphorus anodes through the high-energy ball-milling of red
phosphorus and carbon black. Yang and co-workers reported that amorphous red
phosphorus/carbon composites could deliver a high capacity of 1764 mA h g-1 at a
current density of 250 mA g-1.7 The study by Lee's group presented a slightly higher
capacity of 1890 mA h g-1 at a lower current density of 143 mA g-1 with 30 cycles of
battery performance.8 Our group recently prepared high-performance composites by
simply hand-grinding commercial microscale red phosphorus and carbon nanotubes,
and the as-prepared composites could deliver a reversible capacity of 1675 mA h g-1.9
Inspired by these examples of success, I have prepared phosphorus/N-doped carbon
nanotuber composites (P/NCFs) in this work by using N-doped carbon and red
phosphorus via an evaporation/deposition strategy. Compared with the ball-milling
method for preparing a phosphorus/carbon composite, the vaporization–condensation
method has more advantages, such as uniform adsorption of the phosphorus, keeping
the original morphology of N-doped carbon tubers, etc. There have been many reports
on using N-doped carbon as an efficient strategy to improve the electrochemical
performance of carbon-based both Li-storage and Na-storage anodes.14–18 In the Ndoped carbon which is derived from the precursor of polypyrrole (PPy), the presence of
nitrogen species on the carbon surface can lead to a pseudo-capacitive interaction
between the electrolyte ions and the nitrogen-containing functional groups because of
its heteroatomic defects. On the other hand, the structure of the porous tuber in our Ndoped carbon is another attractive characteristic for composite formulations, in such
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aspects as enhancing capacity, surface wettability, and electronic conductivity.20 Based
on the above advantages, we used the PPy precursor as the source of carbon, then
sintered it in an argon atmosphere to obtain N-doped carbon nanotubers, and further
obtained the phosphorus/N-doped carbon nanotuber composite (P/NCF) by loading with
phosphorus. The P/NCF exhibited capacity as high as 731 mA h g-1 at 100 mA g-1 after
55 cycles. In this paper, we refer to the specific capacity of the P/NCF composite based
on red phosphorus.

4.2. Experimental Section
4.2.1. Synthesis of N-doped carbon nanofibers
The starting materials, cetyltrimethylammonium bromide (CTAB), pyrrole,
ammonium persulfate (APS), and red phosphorus, were purchased from Australia
Sigma-Aldrich Pty. Ltd. All the chemicals were of analytical grade and used as
purchased without further treatment. The precursor polypyrrole (PPy) was synthesized
by the solution chemistry method.21 The synthetic process was as follows: 0.72 g CTAB
was dissolved in 200 ml deionized water, and 0.33 g pyrrole was added into the CTAB

Scheme 4. 1. Schematic illustration of the preparation of P/NCF.
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solution and ultrasonically vibrated for 5 minutes. Then, a solution of 1.13 g APS
dissolved in 20 ml deionized water was added into the previous solution and stirred for
24 h at room temperature. A black precipitate (PPy nanofibers) was obtained by
centrifugation. The PPy nanofibers were dried overnight at 80 °C in an oven under
vacuum. The as-synthesized PPy was heated to 600 °C at a heating rate of 5 °C min-1
and kept for 4 h under an argon atmosphere in a tube furnace to form nitrogendoped
carbon nanofiber webs.

4.2.2. Preparation of P/NCF
Red phosphorus was washed with distilled water to remove any oxides before
processing. Red phosphorus (0.2 g) and N-doped carbon (0.2 g) were placed in a sealed
stainless-steel pipe, which was filled with pure argon. The stainless-steel pipe was first
heated to 450 °C with a heating rate of 5 °C min-1 in a tube furnace, and kept at that
temperature for 3 h. During this time, the stainless pipe was filled with phosphorus
vapour (see Scheme 1). Subsequently, the stainless-steel pipe was cooled to 260 °C at a
cooling rate of 1°C min-1 and then held at that temperature for 18 h. The aim of this step
was to reduce the speed at which vaporized phosphorus atoms condense into the solid
state and avoid forming white phosphorus. Phosphorus exists in the gas–liquid–solid
triple point state at 260 °C. Maintaining this step for a long time will also help to
impregnate the phosphorus into the pores of the N-doped carbon fibers so as to
complete the evaporation/deposition process. Finally, P/NCF was obtained by cooling
the stainless steel pipe to room temperature. Scheme 4.1 clearly displays the above
preparation process.

4.2.3. Characterization
The structures of the obtained P/NCF and precursors were characterized by powder
X-ray diffraction (XRD; GBC MMA diffractometer) with Cu Ka radiation at a scan rate
of 4 ° min-1. Raman spectra were collected using a JOBIN Yvon Horiba Raman
spectrometer model HR800, with a 10 mW helium/neon laser at 632.8 nm excitation in
the range of 200 to 2000 cm-1. Thermogravimetric analysis (TGA) measurements were
carried out in flowing argon at a heating rate of 5 °C min-1 using a Mettler Toledo
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TGA/DSC1. X-ray photoelectron spectroscopy (XPS) was conducted using a SPECS
PHOIBOS 100 Analyser installed in a high-vacuum chamber with the base pressure
below 10-8 mbar, X-ray excitation was provided by Al Ka radiation with photon energy
hν = 1486.6 eV at a high voltage of 12 kV and a power of 120 W. The XPS binding
energy spectra were recorded with a pass energy of 20 eV in the fixed analyser
transmission mode. Analysis of the XPS data was carried out using the commercial
Casa XPS 2.3.15 software package. All the spectra were calibrated with C1s = 284.6 eV.
The Brunauer–Emmett–Teller (BET) surface area and pore size distribution (PSD) were
measured by nitrogen adsorption–desorption using a Quantachrome Autosorb-IQ MP
instrument. The morphology of the samples was investigated by field-emission scanning
electron microscopy (FESEM; JEOL JSM-7500FA).

4.2.4. Electrochemical measurements
The electrochemical measurements were conducted using 2032-type coin cells. The
working electrode was prepared by coating a slurry containing 80 wt% active materials,
10 wt% Super-P (carbon black), and 10 wt% carboxymethyl cellulose (CMC) binder on
a copper foil substrate. Then, the electrode film was dried in a vacuum oven at 80 °C
overnight. The electrolyte used in this work was 1.0 mol L-1 NaClO4 in an ethylene
carbonate (EC)–diethyl carbonate (DEC) solution (1:1 v/v), with 5 wt% addition of
fluoroethylene carbonate (FEC). All the cells were assembled in a glovebox filled with
argon and tested at room temperature. Galvanostatic charge–discharge testing was
conducted on a Land Test System with a cut-off voltage range of 0–2.5 V (vs. Na/Na+)
at a constant current of 100 mA g-1. Cyclic voltammetry measurements were conducted
at a scan rate of 0.1 mV s-1 on an SP-300 Potentiostat Galvanostat electrochemical
workstation.

4.3. Results and Discussion
Fig.4.1a shows the X-ray diffraction (XRD) patterns of the commercial red P, Ndoped carbon, and P/NCF. For the red P, the peaks centred at 15 ° and 34 ° are
attributed to the d013 and d318 planes.15,16 For the N-doped carbon, the diffraction peak at
24.5 °, corresponds to a d-spacing of 0.36 nm, which is very close to 0.34 nm, i.e., the
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Figure 4.1 XRD patterns (a), Raman spectra (b) and TGA curves (c) of red phosphorus,
N-doped carbon, and P/NCF.
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d002 plane in graphite.18 In the P/NCF pattern, there is a broad peak at 24.5 ° , which is
considered to be a merger of N-doped carbon and red P peaks, and a characteristic peak
of red P is also clearly observed at 15 °, although the intensity is weak. These peaks
confirm the presence of red P in the composite. Fig.4.1b shows the Raman spectra of
red P, N-doped carbon and P/NCF. In the spectrum of amorphous red phosphorus, there
are three bands from 300 to 500 cm-1, which are characteristic peaks of red P.15 The red
P largely consists of P7 and P9 cages arranged to form pentagonal tubes in paired layers;
P9 cages are considered to be responsible for the sharp peak at approximately 350 cm-1.
The G mode of N-doped carbon (~1580 cm-1) involves an E2g symmetrical bond
stretching motion of pairs of C sp2 atoms, while the D band (~1350 cm-1) is attributed to
the breathing mode of six-membered rings.19 The Raman pattern of P/NCF exhibits two
characteristic peaks at 1350 cm-1 and 1580 cm-1, which are attributed to N-doped carbon.
The Raman intensity and wavenumber of both the D- and G-bands are unchanged in the
spectrum of P/NCF, indicating that the carbon matrix and the adsorbed phosphorus have
no interaction in P/NCF. Also, we can see that the three bands from 300 to 500 cm-1, the
characteristic peaks of red phosphorus, weakly appear in the composite. These traces,
evident in the range of 350–480 cm-1, verify the presence of elemental phosphorus in
the composite. This result is in accordance with the conclusion drawn from the XRD
and XPS.
The thermogravimetric analysis (TGA) curve of P/NCF is shown in Fig.4.1c. There is
an obvious weight loss at about 450 °C under an argon atmosphere, a much higher
temperature than for the pure red phosphorus, which shows a clear weight loss at about
410 °C, the temperature at which red phosphorus sublimes. This high temperature
indicates that phosphorus in the composite is relatively more stable than elemental
phosphorus, which is due to the adsorption of phosphorus on the surface of the carbon.
The content of P in the P/NCF was determined to be about 27.5 wt% from the TGA
curves.
X-ray photoelectron spectroscopy (XPS) was used to further investigate the
interaction between the PPy, N-doped carbon and red phosphorus. In Fig.4.2, the
deconvolution of the N1s spectrum identifies the surface functionalities of PPy (Fig.4.
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Figure 4.2 High resolution N1s XPS spectra of PPy (a), N-doped carbon (b), and P/NCF
(c). C1s XPS spectra of N-doped carbon (d), and P/NCF (e). P 2p XPS spectra of red P (f),
and P/NCF (g).
2a), N-doped carbon (Fig.4.2b) and P/NCF (Fig.4.2c). There is only one fitted
component peak at 400.4 eV for PPy, which is attributed to pyrrolic nitrogen. Regarding
the N-doped carbon, there are three fitted component peaks at 397.9, 398.9, and 399.8
eV, which are assigned to pyridinic (N-6), pyrrolic/pyridone (N-5), and quaternary (N-Q)
nitrogen, respectively. This sequence is consistent with the literature.21 For P/NCF, the
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sequence of N-6, N-5 and N-Q peaks is the same as that of N-doped carbon. There are
only some changes of intensities. In N-doped carbon, the C1s spectrum can be fitted into
the following bands: C=C (284.5 eV), C–OH (285.4 eV), C

sp2

linked to N (285.9 eV),

and C doubly bound to O and singly to C (287.6 eV) (Fig. 4.2c).21,22 In the case of the
C1s spectrum in the P/NCF composite, the intensity of some peaks apparently changed
due to the effects on bonding of the encapsulation of the P (Fig.4.2d). Two peaks
centered at 129.8 and 134.0 eV were observed in the P2p XPS spectrum of the
phosphorus (Fig. 4.2e). The peak at 129.8 eV is attributed to P2p3/2, and the other one,
which has a relatively low intensity at 134.0 eV, may come from phosphates.23 In the
case of P/NCF, there was no significant change in the positions of the P peaks, but the
intensity clearly decreased (Fig.4.2f). Here, we also measured the C, N and O contents
in PPy fibers and N-doped carbon fibers by XPS. The mass concentration of PPy was
C1s 68.58%, N1s 19.23%, and O1s 12.18%. As for N-doped carbon, it was the following,
C1s 78.69%, N1s 9.64%, and O1s 11.67%. From these data, we can see that the N content
decreased significantly due to the pyrolysis of PPy.
In this paper, we used the Quantachrome Autosorb-iQ MP to measure the BET
surface area and pore size distribution of N-doped carbon and composite P/NCF with
the BJH model. As shown in Fig.4.3a, N2 adsorption–desorption isotherms of N-doped
carbon can be identified as type IV isotherms in the International Union of Pure and
Applied Chemistry (IUPAC) classification with a typical mesoporous hysteresis loop.
The adsorption–desorption hysteresis of N-doped carbon is very clear, suggesting that it
possesses a large volume of mesopores. This conclusion is fully supported by the pore
size distribution curves obtained from the N2 isotherms based on density functional
theory calculations (Fig.4.3c). The porosity data, including the BET surface area, pore
volume, and average pore diameter for all samples, are summarized in Table 4.1.
N-doped carbon presents a high surface area of 158 m2 g-1 and a large pore volume of
0.34 cm3 g-1, with the predominant pore size around 17.7 nm, which helps to efficiently
absorb and hold the phosphorus active material. It should be noted that after loading
phosphorus into the micropores or mesopores of N-doped carbon, the specific surface
area and pore volume of N-doped carbon decrease rapidly, with 75.62 m2 g-1 and 0.28
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Figure 4.3 Porosity characterization of N-doped carbon (a) and P/NCF (b) by N2
adsorption–desorption isotherms. Pore size distribution of N-doped carbon (c), and
P/NCF (d).
Table 4.1 Key pore characteristics of N-doped carbon and P/NCF

Material

Surface area

Pore volume

Average pore size

(cm3 g-1)

(nm)

158.0

0.34

17.7

Phosphorus

2.5

0.009

P/NCF

75.6

0.28

(m2 g-1)

N-doped carbon

7.2

cm3 g-1 retained, respectively. This indicates that most of the nanopores in the N-doped
carbon are occupied by the phosphorus element.
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The morphologies of the as-synthesized PPy, N-doped carbon and P/NCF were
characterized by scanning electron microscopy (SEM), as displayed in Fig.4.4. The
image of PPy shows a homogeneous morphology of cross-linked nanofibers less than
100 nm in diameter (Fig.4.4a). After being carbonized at 600 °C for 4 h, the
interconnected nanofiber structure of the PPy is still maintained (Fig.4.4b). As for
P/NCF, it can be seen that the diameter of the P/NCF nanofibers is larger than that of Ndoped carbon (Fig.4.4c). This indicates that the fibres of N-doped carbon are covered by
phosphorus in P/NCF.
Transmission electron microscopy (TEM) was further used to investigate the
structure of P/NCF. As shown in Fig.4.5a and b, P/NCF maintains the fibrous structure
of N-doped carbon, while the phosphorus impregnation has increased the average fiber
diameter from less than 100 to 125 nm. These images are entirely consistent with the
SEM image in Fig.4.4c. The TEM selected area electron diffraction (SAED) pattern in
the inset of (Fig.4.5b) also shows a diffuse ring for the red P, which confirms its
amorphous nature.24
The energy dispersive spectroscopy (EDS) mapping images reveal the distributions
of the elements C (Fig.4.5d), N (Fig.4.5e), and P (Fig.4.5f) in P/NCF. In the elemental
mapping of P, the points clearly demonstrate that most of the phosphorus was
homogeneously distributed in the N-doped carbon fibers.
Fig. 4.6 shows the cycling performances of P/NCF (a), N-doped carbon (c), and red
P (e) between 2.5 V and 0 V at a current density of 100 mA g-1. It can be seen that the
P/NCF composite electrode exhibits a high reversible capacity of over 850 mA h g-1 in
the first 10 cycles and maintains a reversible capacity of 731 mA h g-1 after 55 cycles. It
also presents an excellent coulombic efficiency of over 99.6%. The retained capacity for
N-doped carbon is approximately 130 mA h g-1 after 55 cycles (c). The cycling
performance of red P is very low, with no more than 25 mA h g-1 capacity (e), even
from the beginning. Fig.4.6 shows the discharge–charge voltage profiles of the initial
three cycles for P/NCF (b), N-doped carbon (d), and red P (f). During the first cycle, the
1st cycle discharge and 2nd cycle charge capacities of the P/NCF composite electrode
are 2752 and 1275 mA h g-1, respectively, giving an initial coulombic efficiency of
46.3%. The large capacity loss of the first cycle was mainly attributed to the irreversibl
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Figure 4.4 SEM images of the samples: PPy (a), N-doped carbon (b), and P/NCF (c).
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Figure 4.5 TEM images obtained from P/NCF: low magnification image (a), and high
magnification image (b), with the corresponding electron diffraction pattern shown in
the inset of (b). Dark background image (c) with corresponding EDS elemental mapping
of C (d), N (e), and P (f).
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Figure 4.6 Cycling performance of P/NCF (a), N-doped carbon (c) and red P (e) at a
current density of 100 mA g-1. Charge–discharge profiles of P/NCF (b), N-doped carbon
(d) and red P (e) with a current density of 100 mA g-1.
formation of the solid electrolyte interphase (SEI) layer on the electrode surface and
irreversible Na insertion into the P/NCF matrix. Nevertheless, the capacity loss only
occurs in the first few cycles, and after that, the coulombic efficiency approaches 100%,
indicating the excellent capacity retention of P/NCF. The initial discharge–charge
voltage profiles for N-doped carbon display a 1st cycle discharge capacity of 493 mA h
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g-1, and a much lower initial coulombic efficiency of 39.8%. From the discharge–charge
voltage profiles of red P, it can be seen that even in the 1st discharge state, the specific
capacity is only 238 mA h g-1. The initial coulombic efficiency is merely 10.4%, so this
result further demonstrates that pure red P cannot accommodate much Na+ insertion.
Fig. 4.7a shows the cyclic voltammetry (CV) curves for P/NCF at a scan rate of 0.1
mV s-1 between 0 and 2.5 V (vs. Na/Na+). A broad peak around 1.0 V (vs. Na/Na+) is
observed during the first cathodic scan, which is attributed to the reduction of the
electrolyte to form the SEI layer. In the subsequent cathodic scans, a small weak peak
around 0.4 V (vs. Na/Na+), which overlaps with the SEI peak in the first cathodic scan,
is observed and could be ascribed to the initial sodiation of red P. When the potential
was further scanned around 0.1 V, another small sharp cathodic peak with a noticeable
shoulder appeared between 0.25 and 0 V, corresponding to further sodium ion insertion.
During the anodic scans, a strong peak at around 0.63 V with a shoulder at around 0.71
V and another weak peak around 1.5 V (all vs. Na/Na+) are observed, which should be
attributed to the desodiation of different NaxP compounds. These peaks possibly
correspond to a stepwise sodium ion deinsertion from the fully charged Na3P phase to
form the Na2P, NaP, and NaP7 intermediates, respectively.7,8
To better understand the reason for the improved cyclability of the P/NCF electrode
compared with the red P electrode, electrochemical impedance spectroscopy (EIS) of
the P/NCF electrodes and red P electrodes was conducted using a sine wave of 10 m V
amplitude over a frequency range of 100 kHz to 0.01 Hz. The Nyquist plots and the
fitting model using an equivalent circuit are compared in Fig.4.7b, with the equivalent
circuit as the inset. The plots for the P/NCF electrodes display one compressed
semicircle in the high frequency region and a sloping line in the low frequency region.
The intercept on the Zreal axis in the high frequency region represents the total
resistance of the electrolyte, separator, and electrical contacts (Ri). The semicircle in the
high frequency range reflects the charge transfer resistance (Rct), which represents the
impedance associated with sodium ion transport through surface films and charge
transfer at the electrode/electrolyte interface. The inclined line in the low frequency
region represents the Warburg impedance (W), related to the charge transfer, by sodium
ion diffusion through the material or electrolyte. CPE in the equivalent circuit is a
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Figure 4.7 (a) CV curves of P/NCF scanned at a rate of 0.1 mV s-1. (b) Nyquist plot and
equivalent circuit model of red P and P/NCF in the charged state.
constant phase element, reflecting double layer capacitance. It can be seen that the
diameters of the semicircles for P/NCF for both the 5th cycle and 50th cycle are the
same, demonstrating a charge transfer resistance of 101.5 , which indicates wellmaintained electrical contact and a relatively stable SEI layer. This is because of the
large surface area and good conductive network from the N-doped carbon, which could
relieve the volume changes in the P particles during charge and discharge processes. In
contrast, the charge transfer resistance (Rct) of the cell with the P electrode in the 5th
cycle has a very big value of 800 , which further confirms that P has very low
electrical conductivity.

4.4. Conclusion
In summary, I have used a simple method to prepare a nanostructured phosphorus
composite material (P/NCF) from N-doped carbon and red phosphorus, in which the
porous carbon serves as the electronically conductive support matrix. In view of its high
capacity for sodium storage, the phosphorus composite shows promise for applications
in electrochemical energy storage devices. The results also give clear evidence of the
utility of N-doped carbon fiber for enhancing the electrochemical performance of red
phosphorus as an anode material for sodium-ion batteries. This preparation strategy is
simple, yet very effective, and because of its versatility, could potentially be extended to
other electrically conductive support matrices for the preparation of other phosphorus
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composites for sodium ion batteries.
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Chapter 5
3-D structured SnO2–polypyrrole nanotubes
applied in Na-ion batteries
5.1. Introduction
As is well known, it is still a big challenge to develop suitable anode materials for
Na-ion batteries because of the larger ionic radius of Na+ compared to that of Li+, which
causes greater volume changes during cycling and lower gravimetric and volumetric
energy densities. These innate characteristics are directly limiting the feasibility of
insertion materials for SIBs, including some cathode and anode materials. To bypass
these deficiencies, many carbon-based materials have been extensively investigated,
such as hard carbons, which can achieve reversible capacities from 200 to 290 mA h g-1
for more than 180 and 100 cycles, respectively.1,2 Reduced graphene oxide, could
achieve a reversible capacity of 174.3 mA h g-1 over 250 cycles.3 N-Doped carbon
composite, which showed a reversible capacity of 155.2 mA h g-1 after 260 cycles,4
retained a reversible capacity of 243 mA h g-1 after 100 cycles,5 and achieved a specific
capacity of 175 mA h g-1 after 2000 cycles etc.6 Some non-carbonaceous materials such
as metal oxide materials also have been studied for SIBs.7–11 Among these materials,
SnO2-based materials have attracted more interest because SnO2 can deliver high
specific capacities by acting as an alloying material to store Na. It has been
demonstrated that SnO2 can be an attractive anode for SIBs, with a capacity of 667 mA
h g-1, based on the following reactions:
4 SnO2 + 16Na+ + 16e-

4Sn + 8Na2O (1)

4 Sn + 15Na+ + 16e-

4Na15Sn4 (ref. 20) (2)

Similarly, the main disadvantages of SnO2 are the expansion and shrinkage of the
active material particles during Na insertion/extraction, leading to particle
pulverization/exfoliation and rapidly decreasing capacity in these materials.11,12 On the
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other hand, studies have shown that the diffusion speed of Na+ is 30 times slower than
that of Li+ in SnO2 particles.13 Much research has been carried out to solve this problem,
such as by decreasing the particle size of the active material to the nanoscale

14

and

loading some materials as buffer layers.11,15–21 In recent years, with the persistent efforts
focused on exploring new anode materials for sodium storage, some three-dimensional
(3-D) structured composites have been recognised to have sodium storage capability.
There are many reports of SnO2 nanoparticles loaded onto graphene,17 anchored on
reduced graphene oxide frameworks 22 and confined in mesoporous carbon.23
Polypyrrole (PPy), in particular consisting of tubes with a 3-D structure, as a kind of
conducting polymer, not only acts as an electrically conducting agent, which is
beneficial for reducing resistance and enhancing the rate capability of the cell, but also
as a matrix or binder, which can provide efficient transport pathways for electrons and
mitigate the pulverization of the electrode brought about by the huge volume expansion
during the charging/discharging process. This unique hierarchical structure not only
provides good structural robustness and short ion/electron diffusion pathways, but also
promotes the diffusion of the electrolyte into the inner spaces of the material, as well as
providing sufficient open channels for fast Na+ migration. There are many reports on
using PPy as a matrix to synthesize SnO2 based composites

24–28

for anode materials.

Recently, Du and Wang reported the synthesis of SnO2@-polypyrrole nanotubes with
microwave-assisted method.29 The pyrolyzed composite displayed very excellent
capability for Li-storage as the PPy NTs can accommodate large volume change of the
electrode material during Li+ insertion/extraction, which prevented SnO2 nanoparticles
from pulverizing and electrical isolating during cycling. Combining PPy tubes with
SnO2 nanoparticles to fabricate SnO2-based anode material in SIBs has not been
explored, however. In term of the above advantages, I also adopted PPy as the substrate
material and anchored the active SnO2 nanoparticles on its' surface. Herein, I report the
in situ hydrothermal synthesis of SnO2–PPy nanotubes with a 3-D structure. In the
composites, SnO2 nanoparticles are homogeneously distributed on the surfaces of the
PPy nanotubes. This unique hierarchical structure not only provides good structural
robustness and short ion/electron diffusion pathways, but also has benefits for
electrolyte penetration and Na transport. The obtained 3-D structured SnO2–PPy
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nanotube network showed a good reversible capacity of nearly 288 mA h g-1 when
discharging at 100 mA g-1, with more than 69.1% capacity retention and stable
coulombic efficiency of 99.6% over 150 cycles. Good rate capability is observed, based
on current rate variation during cycling from 50 mA g-1 to 1 A g-1.

5.2. Experimental Section
5.2.1. Synthesis of PPy tubes
The PPy tubes were synthesized according to a previous report

30

with some

modifications. The process of synthesis was as follows: 1.95 g of FeCl3 was added to
150 mL a solution containing 98 mg methyl orange (MO) in deionized water under
constant stirring. A flocculent precipitate appeared immediately. Then, 0.484 g (0.5 mL)
of pyrrole monomer was added into the mixture and the mixture was continuously
stirred for 24 hours at room temperature. After that, the thus-formed PPy precipitate was
washed several times with deionized water/ethanol, until the filtrate was colourless and
neutral. Finally, the precipitate was dried under vacuum at 60 °C for 24 h.

5.2.2 Preparation of the SnO2@PPy nanocomposites
In a typical procedure, 0.035 g hexamethylenetetramine (HMTA) and 0.02 g urea
were dissolved in 30 mL ethanol, and then 0.1 g PPy was dispersed into the foregoing
solution by ultrasonic treatment for 0.5 h. 0.1 g of SnCl2•2H2O was added to the
preceding mixture and stirred in for 30 minutes. Subsequently, the resulting blend was
transferred into a Teflon-lined autoclave and heated up to 120 °C for 10 h. When the
precipitates were cooled down to room temperature naturally, then washed it with
distilled water and ethanol for several times. Drying the precipitates in a vacuum oven
overnight at 60 °C, the final product (denoted as SnO2–PPy-1) was obtained. SnO2–
PPy-2 was obtained by adjusting the weight of SnCl2•2H2O to 0.15 g. For comparison,
pure SnO2 nanoparticles were prepared with the same conditions without the addition of
PPy.
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5.2.3. Characterizations
The powder X-ray diffraction (XRD; GBC MMA diffractometer) equipped with Cu
Ka radiation at a scan rate of 2 °C min-1 was used to identify the structures of the asprepared SnO2–PPy composites and the precursors. The weight ratio between SnO2 and
PPy was determined by thermogravimetric analysis (TGA) using a Mettler Toledo
TGA/DSC1 between 40 °C and 800°C at a heating rate of 5 °C min-1 in air. The valence
state of Sn was evaluated by X-ray photoelectron spectroscopy (XPS) using a SPECS
PHOIBOS 100 Analyzer equipped with a high-vacuum chamber with base pressure
below 10-8 mbar, with the X-ray excitation generated by Al Ka radiation at the high
voltage of 12 kV and power of 120 W. The data were analyzed with the Casa XPS
2.3.15 software package. All the spectra were calibrated by C1s = 284.6 eV. Field
emission scanning electron microscopy (FESEM; JEOL JSM-7500FA) and highresolution transmission electron microscopy (HRTEM; JEOL JSM-2010) were used to
investigate the morphology of the samples.

5.2.4. Electrochemical Measurements
The electrochemical performance testing was carried out via 2032-type coin cells.
The working electrode was prepared by preparing a slurry in the mass ratio of 80 wt%
active material, 10 wt% Super-P (carbon black) and 10 wt% carboxymethyl cellulose
(CMC) binder, and coating it on copper foil substrate. Then the electrode film was dried
in a vacuum oven at 80 °C overnight. An electrolyte with 1.0 mol L-1 NaClO4 in an
ethylene carbonate (EC)–diethyl carbonate (DEC) solution (1: 1 v/v), with 5 wt%
addition of fluoroethylene carbonate (FEC), was used in this work. All the cells were
assembled in a glove box filled with argon gas and measured at room temperature.
Galvanostatic charge–discharge testing was carried out on a Land Test System with a
cut-off voltage range from 0.01 to 1.5 V (vs. Na/Na+) at different current densities. The
capacities are calculated based on the weight of the composites. Cyclic voltammetry and
electrochemical impedance measurements were conducted using a Biologic VMP-3
electrochemical workstation from to 2.5 V (vs. Na/Na+) at a scan rate of 0.1 mV s-1.
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5.3. Results and Discussion
The XRD patterns of the PPy, SnO2 particles, and the SnO2–PPy-1 and SnO2–PPy-2
composites are displayed in Fig.5.1a. The PPy spectrum reveals a clear broad peak at
about 23.8° corresponding to its' amorphous nature, which is due to the scattering from
PPy chains at the interplanar spacing.31–33 The XRD pattern of the SnO2 nanoparticles
was characterized by several peaks which could be ascribed to the tetragonal SnO2
structure (cassiterite, PDF no. 01-0625) without any impurity. These large peaks clearly
demonstrated the formation of small SnO2 particles with a nanocrystalline nature. From
the XRD patterns of the obtained SnO2–PPy-1 and SnO2–PPy-2 composites, we find
very similar broad peaks that could also be indexed to the tetragonal SnO2 structure
(cassiterite, PDF no. 01-0625). No other characteristic peaks can be seen, suggesting
that the SnO2 nanoparticles have covered the surfaces of the PPy.
For quantifying the amount of PPy in the SnO2–PPy composites, thermogravimetric
analysis (TGA) measurements were carried out in air. The TGA curves of pure PPy and
its composites are shown in Fig.5.1b. It can also be seen that both pure PPy and its
composites show weight loss in the temperature range of 250–650 °C, which is in
accordance with the oxidation of PPy, although the temperatures at which weight loss
ends in the three samples have some differences. For pure PPy and SnO2–PPy-1, there
was no difference. SnO2–PPy-2 required a higher temperature to oxidize PPy compared
to pure PPy. This phenomenon could be the result of the greater amount of SnO2 loaded
onto the PPy, which delayed the PPy oxidation process. After the initial oxidation of
PPy, no further weight change was observed in the composites. Therefore, the weight
change due to the oxidation of PPy can be directly converted into the amount of PPy in
the SnO2–PPy composites. Using this approach, we calculated that the amounts of PPy
in the SnO2–PPy-1 and SnO2–PPy-2 composites were 61.4 wt% and, 38.4 wt%,
respectively.
The Fourier transform infrared (FTIR) spectra of bare SnO2, PPy, SnO2–PPy-1, and
SnO2–PPy-2 are shown in Fig.5.1c. In the spectrum for SnO2, a strong vibration around
609 cm-1 is observed in the low wave number range, which is indexed to the
antisymmetric Sn–O–Sn mode of tin oxide. In the spectrum for PPy, the band centered
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Figure 5.1 XRD patterns (a), TGA curves (b) and FTIR spectra (c) of PPy, bare SnO 2
and SnO2–PPy composite.
at 1560 cm-1 corresponds to typical C=C in plane vibration, while the characteristic
bands at 1300 and 1205 cm-1 are connected with C–C and C–H ring stretching,
respectively. The sharp peak at 1052 cm-1 is ascribed to C–H in-plane vibrations. The

Chapter 5: 3-D structured SnO2–polypyrrole nanotubes applied in Na-ion batteries
123
band at 929 cm-1 can be attributed to N–H in-plane vibrations.34 In the spectra of SnO2–
PPy-1 and SnO2–PPy-2, all the characteristic bonds for both SnO2 and PPy can be
clearly observed. Therefore, the FTIR results confirm the presence of both PPy and
SnO2 in the SnO2–PPy nanocomposites.
To investigate the interaction between the PPy, SnO2 and SnO2–PPy-2, X-ray
photoelectron spectroscopy (XPS) was used to detect the chemical states of elements.
Peaks for C, Sn, and O in SnO2–PPy-2 were founded in the XPS survey spectrum, as
shown in Fig.5. 2a. The Sn3d XPS spectra of SnO2 and SnO2–PPy-2 were collected to
investigate the changes in the chemical state of tin before and after the hydrothermal
reaction. In Fig.5.2b, for both materials, there are two peaks, and the binding energy
interval between them is 8 eV, which is consistent with the energy splitting of Sn or
SnO2.35 For bare SnO2, the peaks found at 497.7 eV and 505.7 eV correspond to the
3d5/2 and 3d3/2 curves of Sn (IV) in SnOx.36,37 When SnO2 is coated with PPy, Sn3d peaks
are shifted towards lower binding energies, i.e., 486.9 eV and 494.9 eV. These
differences in the peak locations are obviously induced by the presence of PPy, which is
conductive, while the bare SnO2 nanoparticles behave as an insulator in term of the XPS
results.23 In the C1s spectra for bare SnO2 and SnO2–PPy-2, there is no obvious peak
change, which means the absence of C–Sn bonds. This result indicates that no chemical
reaction occurred during the preparation and that the composite structure is held
together by van der Waals forces.
The morphologies of PPy, bare SnO2, SnO2–PPy-1 and SnO2–PPy-2 were
characterized by scanning electron microscopy (SEM), as shown in Fig.5.3. The image
of PPy shows a homogeneous morphology of strip-like 3-D structured tubes about 300–
450 nm in diameter (Fig.5.3a and e). For SnO2–PPy-1 and SnO2–PPy-2, in Fig. 3b, c, f
and g, the coarse surface can be clearly observed, with the diameters of the tubes
apparently increased compared to PPy. There is not obvious difference in the shape of
SnO2–PPy-1 and SnO2–PPy-2. Fig.5.3d and h show the bare SnO2 nanoparticles at
different magnifications. The size of the SnO2 particles is similar to that in the
composites. The uniformity of the material composition was also confirmed by energy
dispersive X-ray spectroscopy (EDS) mapping, as illustrated in Fig.5.4. For the
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Figure 5.2 XPS spectra: survey spectrum (a) for SnO2–PPy-2 (PPy 38.4%) composite,
and high-resolution spectra of Sn3d (b) for bare SnO2 and SnO2–PPy-2 composite, and
C1s (c) for PPy and SnO2–PPy-2 (PPy 38.4%) composite.
elemental mapping of Sn and O, the points clearly indicate that the SnO2 was
homogeneously distributed on the PPy tubes.
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Figure 5.3 SEM images at low magnification of PPy (a), SnO2–PPy-1 (PPy 61.4%) (b),
SnO2–PPy-2 (PPy 38.4%) (c), and bare SnO2 (d); and SEM images at high
magnification of PPy (e), SnO2–PPy-1 (PPy 61.4%) (f), SnO2–PPy-2 (PPy 38.4%) (g),
and bare SnO2 (h).
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Figure 5.4 Dark field image of SnO2–PPy-2 (PPy 38.4%) (a), with corresponding EDS
elemental mappings of C (b), N (c), Sn (d), and O (e).
Transmission electron microscopy (TEM) was further used to investigate the changes
in structure between PPy and SnO2–PPy-1, SnO2–PPy-2 composites. As displayed in
Fig.5.5a–c before coating with SnO2, the diameter of PPy is less than 450 nm. The
diameters of the tubes were significantly increased for the both composites, and the
diameters are larger than 550 nm, Fig.5.5e and 5f all exhibit the (110) and (101) lattice
fringes, which are found to reflect d-spacings of 0.343 and 0.263 nm, respectively.
Meanwhile, the selected area electron diffraction (SAED) pattern (Fig.5.5d) is well
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Figure 5.5 TEM image of PPy (a), low magnification images of SnO2–PPy-1 (PPy
61.4%) (b) and SnO2–PPy-2 (PPy 38.4%) (c), SAED pattern of SnO2–PPy-2 (PPy
38.4%) (d), high magnification images of SnO2–PPy-1 (PPy 61.4%) (e) and SnO2–PPy2 (PPy 38.4%) (f).
ascribed to the pure phase of SnO2, corresponding to the diffraction peaks of the (110),
(101), (211), and (301) planes in the XRD pattern.
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In addition, we used V-Sorb 2800P specific surface area analyser to measure the
BET surface areas of PPy and composites. As shown on Table 5.1, the specific surface
area of PPy tubes is only 12.65 m2 g-1. After loading SnO2 on it, the specific surface
areas of SnO2–PPy-1 and SnO2–PPy-2 composites increased to 44.04 m2 g-1 and 48.32
m2 g-1 respectively, due to the SnO2 nanoparticles were loaded on the tubes. For
composites, the average pore size which represents the size of pores formed by SnO2
nanoparticles. These pores provide the path to accommodate to the insertion/extraction
of sodium ions. As for SnO2–PPy-2, its surface area is bigger than SnO2–PPy-1. This
can be inferred to the more content of SnO2 in SnO2–PPy-2.
The capacity and coulombic efficiency of the SnO2–PPy-1 and, SnO2–PPy-2
composites as a function of cycle number, at a constant current density of 100 mA g-1
with a cut-off voltage range from 0.01 to 1.5 V (vs. Na/Na+), are presented in Fig.5.6a
over 150 cycles. To clarify the contribution of the PPy matrix and the bare SnO2 to the
electrochemical performance of the SnO2–PPy composites, they were also tested under
the same current and voltage conditions. The reversible charge capacity of the SnO2–
PPy-2 composite is about 288 mA h g-1 after 150 cycles, corresponding to 69.1% of the
initial charge capacity. Even though the reversible charge capacity (246.2 mA h g-1) of
the SnO2–PPy-1 composite is relatively lower than that of the SnO2– PPy-2 due to the
lower content of SnO2, the capacity retention of 74.2% is higher than for SnO2–PPy-2.
This indicates that a smaller amount of SnO2 nanoparticles can decrease the
agglomeration of bare SnO2. The reversible charge capacity is much lower than that of
SnO2–PPy-2, however, and the capacity fading is apparent. The contribution of PPy to
the capacity of the SnO2–PPy composites can be neglected.
Table 5.1 Key pore characteristics of PPy, SnO2–PPy-1 and SnO2–PPy-2
Material

Surface area

Pore volume

Average pore

(m2 g-1)

(cm3 g-1)

PPy

12.65

0.899

116.68

SnO2–PPy-1

44.04

0.332

97.01

SnO2–PPy-2

48.32

0.302

95.27

size (nm)
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The coulombic efficiency for both SnO2–PPy-1 and SnO2–PPy-2 is near 100%,
beginning from the second cycle, indicating that electrons/Na ions are no longer trapped
in secondary parasitic reactions that can be introduced by further electrolyte degradation.
The stable electrochemical performance of the SnO2–PPy composite and the enhanced
capacity benefit from the synergetic effects generated by SnO2 particles on the PPy
framework.23 This promotes greater conductivity of the SnO2 particles in the case of
SnO2–PPy than in the case of nano-SnO2, as suggested by the XPS results (Fig.5. 2b).
In addition, the charge/discharge rate capability of the SnO2, SnO2–PPy-1 and SnO2–
PPy-2 composites were investigated at increasing current rates by progressively
increasing the current rate from 50 mA g-1 up to 1 A g-1 and finally returning it to 100
mA g-1, in order to test the robustness of the samples. Fig.5.6b shows the cycling
performances of the samples under these different current rate conditions. In the case of
SnO2–PPy-2, the reversible charge capacity of the composite decreases from 428.7 (50
mA g-1), to 400.2 (0.1 A g-1), 354.2 (0.2 A g-1), 290.1 (0.4 A g-1), 260.2 (0.8 A g-1), and
160.3 mA h g-1 (1 A g-1), respectively, and the composite was found to successfully
return to 398.9 mA h g-1 (recovering 99.7% of its initial capacity) after 60 cycles when
the current density was returned to 0.1 A g-1. The rate capability of SnO2–PPy-1 shows
lower reversible charge capacity compared to SnO2–PPy-2. This result is due to the few
cycling in rate capability test for two samples, the good capacity retention of SnO2 –
PPy-1 can not display. As for the bare SnO2, we can find this trend that with the
increasing of current density, the capacity degraded more severely compared to both
composites. Fig.5.6c and d show the discharge–charge voltage profiles of the initial
three cycles for SnO2–PPy-2 and bare SnO2. The 1st cycle discharge and 2nd cycle
charge capacities of SnO2–PPy-2 composite electrode are 1040.6 and 416.6 mA h g-1,
respectively, giving an initial coulombic efficiency of 40%. This is due to the formation
of an irreversible solid electrolyte interphase (SEI) layer on the electrode surface and
irreversible Na insertion into the active materials. The initial discharge–charge voltage
profiles for bare SnO2 display the 1st cycle discharge capacity of 1217.3 mA h g-1 and
the 2nd cycle charge capacity of 300.2 mA h g-1, giving a much lower initial coulombic
efficiency of 24.7%. The electrochemical reactions of the SnO2–PPy-2 nanocomposites
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Figure 5.6 Cycling performances (a) of SnO2–PPy-1 (PPy 61.4%), SnO2–PPy-2 (PPy
38.4%), bare PPy, and SnO2. Rate capability (b) of SnO2–PPy-1 (PPy 61.4%), SnO2–
PPy-2 (PPy 38.4%) and bare SnO2. Charge–discharge profiles for the first 3 cycles of
SnO2–PPy-2 (PPy 38.4%) (c) and bare SnO2 (d). Cyclic voltammetry curves for the first
4 cycles of SnO2–PPy-2 (PPy 38.4%) (e). Nyquist plots and equivalent circuit model
inset) of SnO2–PPy-2 (PPy 38.4%) and bare SnO2 (f) for the fresh electrodes and after
100 cycles.
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were studied by cyclic voltammetry (CV). As shown in Fig.5.6e, there is an irreversible
transformation of SnO2 into Sn in the initial discharge process. Weak and irreversible
shoulder peaks are seen at 1.4 and 0.6 V in the first negative scan. These peaks are
attributed to some irreversible decomposition of the electrolyte, which forms a (SEI)
film on the surface of the SnO2–PPy-2 composite, and to irreversible reactions between
Na+ and the active materials. Two reductive peaks are observed at 0.28 and 0.02 V in
the following cycles with different intensities, which are in accordance with the
transformation of Sn into NaxSn alloys. In conformity with the Na–Sn binary alloy
phase diagrams and previous reports,11,38 a-NaSn, Na9Sn4, Na3Sn, and Na15Sn4 are the
main stable phases. It can be inferred that the reductive peak located at 0.28 V is related
to the formation of a two-phase alloy of a-NaSn and Na9Sn4. Another reductive peak
positioned at around 0.02 V is considered to be due to the formation of single phase
Na3Sn and Na15Sn4. In the reverse positive scan, two oxidative peaks are obviously
observed at approximately 0.28 V and 0.5 V, which indicates that the phase transitions
during the de-alloying process had become clear. A hump that appeared at 0.28 V can
be mainly assigned to the dealloying reactions of Na3Sn, and Na15Sn4. The peak at 0.5
V is due to the Na9Sn4 de-alloying reactions.39
To verify the effects of PPy towards improving the cyclability of SnO2–PPy-2
electrode, which had better electronic conductivity compared to the bare SnO2 electrode.
Electrochemical impedance spectroscopy (EIS) measurement was carried out. The
Nyquist plots and the fitting model using an equivalent circuit are depicted in Fig.5.6f,
with the equivalent circuit as the inset. Where Ri represents the total resistance of the
electrolyte, separator, and electrical contacts. The charge transfer resistance (Rct) can be
calculated from the semicircle within the high frequency region, which reflects the
impedance related to the sodium ion transport through the film surface and charge
transfer between the electrode/electrolyte interfaces. The Warburg impedance (W) is
observed from the inclined line in the low frequency region and represents the charge
transfer by sodium ion diffusion through the material or electrolyte. The constant phase
element (CPE) in the equivalent circuit is used to simulate an ideal capacitance. It can
be observed that the sizes of the depressed semicircles for bare SnO2 in the fresh
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Figure 5.7 SEM images of the SnO2–PPy-2 (PPy 38.4%) composite electrodes before
the Na-storage test (a) and after 100 cycles (b), and of bare SnO2 before the Na-storage
test (c) and after 100 cycles (d). Scale bar = 1 mm.
electrode and after 100 cycles have changed significantly, which indicates that the
charge transfer resistance (Rct) has increased from 494.8 to 898.57 . For SnO2–PPy-2,
from the fresh cell to after 100 cycles, Rct of the electrode changed from 358.05 to
715.98 , respectively. This implies that the electronic conductivity of the SnO2–PPy-2
sample was enhanced and benefited from the good electrical conductivity of the PPy in
the composite, where it serves as both an active material and a conductor. The
morphology of bare SnO2 electrode after cycling shows very obvious cracks (Fig.5.7d).
No cracks were observed for the SnO2–PPy-2 composite electrode after cycling
(Fig.5.7b), which is attributed to the SnO2–PPy-2 3-D structure with void space between
the tubes, which could accommodate large volume changes during cycling. Furthermore,
the homogeneous distribution of SnO2 nanoparticles on the PPy tube network is the key
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factor that provides the balancing force over the whole composite electrode and
enhances the long-term electrochemical properties. These results are in good agreement
with the EIS conclusions.

5.4. Conclusion
SnO2 nanoparticles were successfully coated on the surfaces of a PPy nanotube
network via a simple, convenient, and environmentally friendly method. The obtained
3-D structured SnO2–PPy nanotube network demonstrates good performance as an
anode for application in SIBs, especially with regards to the cyclability (over 150
cycles), with a high coulombic efficiency of 99.6% and good rate capability, recovering
up to 99.7% of the initial charge capacity after several current variation cycles from 50
mA g-1 to 1 A g-1. These outcomes are attributed to the uniform coating of nanoscale tin
dioxide particles on the PPy matrix with unique 3-D structure, which can significantly
improve electronic conductivity of composites and acts as a buffer to alleviate the strain
resulting from the volume changes in the electrodes during the cycling. At the same
time, the diffusion speed of sodium ions is accelerated. On the other hand, a positive
synergetic effect between the PPy interfaces and the SnO2 particles is responsible for
maximization of the SnO2 conductivity. This is confirmed by the highly uniform
distribution of particles. It is further demonstrated by the inferior performance of bare
SnO2 particles with similar particle size. Accordingly, the results clearly demonstrate
that the coated SnO2 particles on the PPy tubes generate synergetic effects during the
cycling, enabling PPy to act as a conductor, which maximizes its utilization during
nsertion/extraction.
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Chapter 6
Carbon Encapsulated Sn@N-doped Carbon
Nanotubes as Anode Materials for
Application in SIBs
6.1. Introduction
For exploring rational anode materials for SIBs, Many alloying materials have been
attracting wide attentions, because they can store a large number of sodium ions in the
host structure with a relatively low operating potential leading a high specific capacity
during the electrochemical insertion/extraction reaction .1,2,3 In particular, metallic Sn,
with the theoretical capacity of 847 mA h g−1 based on the alloying/dealloying
mechanism (Na15Sn4)4-7 has been considered to be a prospective anode material for
SIBs. Pure Sn can only achieve very poor cycling performance, however, with dramatic
capacity decline over only a few cycles owing to the issue of pulverization.4 It would
thus be a good idea to encapsulate Sn in a confined volume with enough space for
volume expansion during Na insertion to avoid pulverization. Generally, it is more
convenient to prepare SnO2 nanoparticles than to obtain metallic Sn nanoparticles
directly. Additionally, SnO2 can be reduced to metallic Sn by hydrogen reduction at
high temperature under an inert atmosphere, and it has unique structures. Many
strategies have been employed to alleviate the volume expansion,8,9 such as depositing
Sn film on hierarchical wood fibers, which displayed stable cycling performance for
400 cycles with an initial capacity of 339 mAh g-1,10 using carbonized filter paper
decorated with Sn@C nanospheres, which showed a high and stable capacity of 550
Ah cm-2 over 100 cycles at 50 mA cm-2,11 and using ultra-small Sn nanoparticles

Chapter 6: Carbon Encapsulated Sn@N-doped Carbon Nanotubes as Anode
Materials for Application in SIBs
139
embedded in carbon, which achieved a high-rate capacity of 349 mAh g −1, even at 4000
mA g−1, and a stable capacity of ≅ 415 mAh g−1 after 500 cycles at 1000 mA g −1.12
N-doped submicron diameter carbon tubes derived from polypyrrole (PPy) precursor
represent a very promising functional material. They have many advantages, especially
due to the effects of heteroatom defects. The nitrogen species which they contain can
promote pseudo-capacitive mutual effects between the nitrogen-containing functional
groups and the electrolyte ions, in these respects as boosting surface wettability,
electronic conductivity, capacity, etc. From another aspect, N-doped carbon tubes with
three-dimensional (3-D) structure as a matrix not only provide effective transport
pathways for charge carriers to shorten ion/electron diffusion distances and good
structural robustness to relieve electrode collapse due to the huge volume changes
during cycling, but also enhance the diffusion of electrolyte into interior space in the
composite to facilitate the interfacial reactions, as well as providing adequate access for
fast Na+ transport.
There are some reports that make use of N-doped carbon as a conducting polymer
and mechanical buffer to enhance the electrochemical properties of carbon-based Nastorage anodes.13-16 Coating Sn nanoparticles onto N-doped carbon tubes to fabricate
Sn-based anode material for SIBs has not yet been reported. Here, I report a userfriendly hydrothermal method taking N-doped carbon tubes as the matrix to anchor the
Sn nanoparticles onto its surfaces and obtain C@Sn@N-doped carbon nanotube
composites. In the first step, the precursor SnO2@N-doped carbon was obtained via a
hydrothermal approach. In the as-prepared product, SnO2 nanoparticles were loaded
homogeneously on the N-doped carbon framework. Next, resorcinol‐formaldehyde resin
as carbon source was deposited on the surface of the SnO2@N-doped carbon and, then
pyrolyzed to finish the carbon coating process. Here, the coated carbon can play two
roles. Firstly, it can play the role of a dispersing agent to prevent the agglomeration of
Sn nanoparticles, when SnO2 is reduced by H2. On the other hand, it provides a good
tensile force to alleviate the volume expansion of Sn nanoparticles during continuous
sodiation/desodiation processes, thereby helping to improve the cycling stability. In the
composites, the surfaces of N-doped carbon nanotubes are covered with evenly
distributed carbon-coated Sn nanoparticles. The obtained 3-D C@Sn@N-doped carbon
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tube network displayed the good reversible capacity of 398.4 mAh g−1 on discharging at
100 mA g-1 with capacity retention of 67.3 % and very high Coulombic efficiency of
99.7% after 150 cycles. Meanwhile, good rate capability was also obtained, based on
varying the current density from 50 mA g-1 to 2 A g-1 during cycling.

6.2. Experimental Section
6.2.1. Synthesis of N-doped carbon tubes
The N-doped carbon tubes were prepared by pyrolyzing the precursor polypyrrole
(PPy). The synthesis of PPy was carried out by the method in a previous report

17

with

some modifications. Firstly, 65 mg methyl orange (MO) was dissolved in 100 ml
deionized water, and then 1.25 g of FeCl3 was added into the solution under constant
stirring. Subsequently, an obvious flocculent precipitate appeared. Then, 0.3 g of
pyrrole monomer was added into the mixture, which was stirred overnight in ambient
air. After that, the PPy precipitate was centrifuged with distilled water and ethanol, up
to the filter liquor was colorless and neutral. Soon afterwards, the precipitate was placed
in a ceramic boat and moved into a tube furnace. The tube was heated to 100 °C at a
heating rate of 2°C/min under argon atmosphere and kept at that temperature for 8 h.
Then, the tube was heated to 600 °C with a heating rate of 5 °C/min and maintained at
that temperature for 4 h. Finally, the N-doped carbon tubes were obtained.

6.2.2. Making of SnO2@N-doped carbon composites
In a typical procedure, 0.1 g N-doped carbon was dispersed into 30 ml of ethanol
undergoing ultrasonic processing for 0.5 h. Then, 0.025 g urea and 0.03 g
hexamethylenetetramine (HMTA) were added into this solution under continued
ultrasonic treatment for 15 min. Subsequently, 0.1g SnCl2•2H2O was put into the
before-mentioned mixture and stirred for 0.5h. Then, the miscible liquid was transferred
into a Teflon-lined autoclave. Where it was quickly heated to 120 °C and kept at that
temperature for 10 h. The autoclave was naturally cooled down to the ambient
temperature, and deionized water and ethanol were employed to wash the precipitate
several times. The precipitate was dried in a vacuum oven at 60 °C overnight, and the
final product (denoted as SnO2@N-doped carbon-I) was obtained. SnO2@N-doped
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carbon-II and SnO2@N-doped carbon-III were prepared by adjusting the weight of
SnCl2•2H2O to 0.15 g or 0.2 g, respectively.

6.2.3. Fabrication of C@Sn@N-doped carbon nanocomposites
0.1 g of SnO2@N-doped carbon-I was dispersed in 50 ml deionized water under
stirring. 5 mg of cetyl-trimethylammonium bromide (CTAB) along with 0.5 ml of
NH3•H2O, 28% solution, were added to the first solution and vigorously stirred for 20
mins. Next, 80 μL formaldehyde solution (37% wt% in H2O) and 60 mg resorcinol were
put into the solution and stirred overnight. After that, the precipitate was centrifuged
and washed with ethanol three times. The precipitate was then moved into a tube
furnace for carbonization. The sample was heated to 350 °C with a heating rate of 1
°/min under N2 atmosphere and kept at that temperature for 2 h, then heated to 600 °C
for 4 h with the same heating rate. When the temperature was cooled down to 550 °C at
the end of the 4h, the protection gas was changed to 5% Ar/H2, and the sample was kept
under those conditions for 2 h. Then, the final composite (denoted as C@Sn@N-doped
carbon-I) was collected when the temperature of the tube furnace was reduced to room
temperature. C@Sn@N-doped carbon-II and C@Sn@N-doped carbon-III were also
prepared from the SnO2@N-doped carbon-II or SnO2@N-doped carbon-III by the same
procedure, respectively. The above preparation processes are clearly displayed in
Scheme 6.1.

Scheme 6.1 Schematic illustration of the synthesis processes for the fabrication of
C@Sn@N-doped carbon.

6.2.4. Materials Characterization
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X-ray powder diffraction (XRD; GBC MMA), with the diffractometer configured
with Cu Kα radiation at a scanning speed of 2° min-1, was used to evaluate the structural
changes between the precursors and the as-prepared C@Sn@N-doped carbon
composites. The content of Sn in the composites was measured through
thermogravimetric analysis (TGA; Mettler Toledo TGA/DSC) carried out from 50 °C to
800 °C at a heating rate of 5 °C min-1 in air. X-ray photoelectron spectroscopy (XPS;
SPECS PHOIBOS 100 Analyzer), using the spectrometer installed in a high-vacuum
chamber with the base pressure below 10-8 mbar, and the X-ray excitation generated by
Al Kα radiation at the high voltage of 12 kV and power of 120 W was employed to
identify the valence state of the Sn in the composites. The Casa XPS 2.3.15 software
package was used to analyze the data obtained. All spectra were calibrated by C1s =
284.6 eV. The morphology of the samples was surveyed by field emission scanning
electron microscopy (FESEM; JEOL JSM-7500FA) and high-resolution transmission
electron microscopy (HRTEM; JEOL JSM-2010).

6.2.5. Electrochemical Measurements
C@Sn@N-doped carbon composite (80 wt%) was mixed with acetylene black (10
wt%) and carboxymethyl cellulose binder (10 wt%) to prepare the working electrode
slurry. The slurry was casted onto copper foil substrates, followed by drying in a
vacuum oven overnight at 80 °C. The mass loading of the active material in the
electrode film was about 1.2 mg cm-2. 1 M NaClO4 dissolved in a solution of ethylene
carbonate (EC) and dimethyl carbonate (DEC) (1:1 v/v) containing 5% (by weight)
addition of fluoroethylene carbonate (FEC) served as electrolyte. The electrochemical
performance testing was carried out via 2032-type coin cells. All the cells were
assembled in an argon-filled glove box and measured under ambient conditions.
Galvanostatic charge–discharge measurements were carried out via a Land Test System
in the cut-off voltage range of 0.01-1.5 V (vs. Na/Na+) at current density of 100 mA g-1.
The capacity was calculated based on the weight of the whole composite. Cyclic
voltammetry and electrochemical impedance testing were carried out via a Biologic
VMP-3 electrochemical workstation in the voltage range of 0.005 V-2.5 V (vs. Na/Na+)
with a scanning rate of 0.1 mV s-1. Electrochemical impedance spectroscopy (EIS) was
conducted using a CHI 660B electrochemical workstation.
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6.3. Results and Discussion
The successful preparation of the C@Sn@N-doped carbon nanocomposites is
evidenced by XRD (Fig.6.1a). The XRD pattern of N-doped carbon shows a diffraction
peak at 24.5°, reflecting to d-spacing of 0.36 nm, which comes close to 0.34 nm, i.e., the
d002 plane spacing in graphite.18 The XRD pattern of pure Sn is characterized by several
peaks that can be assigned to β-metallic Sn with a tetragonal structure (JCPDS card no.
04-0673). In the three composites, C@Sn@N-doped carbon-I, C@Sn@N-doped
carbon-II, and C@Sn@N-doped carbon-III, we find that the sharp diffraction peaks
appear in the same positions as for pure Sn. Meanwhile, the characteristic peak of Ndoped carbon is no longer visible, which could be attributed to the Sn nanoparticles that
cover the surfaces of N-doped carbon.
To quantify the amount of Sn in the C@Sn@N-doped carbon composites,
thermogravimetric analysis (TGA) was conducted in air. From the TGA curves shown
in Fig.1b and 1c, it can be found that pure Sn shows a weight increase of 126.95%,
which is very consistent with the following reaction: Sn + O2

SnO2. The N-doped

carbon was easily burned out, and only 1.8% residue was left. This amount could be
neglected in determining the Sn content of the composites. From the curves of the three
composites shown in Fig.6.1c, we find that all the samples display weight loss in the
temperature range from 300 to 550 C, which is in conformity with the oxidation of Ndoped carbon. There were some differences between the composites and the N-doped
carbon in the starting temperature of the weight loss. This phenomenon could be due to
the large amount of Sn loaded onto the N-doped carbon, which postponed the N-doped
carbon oxidation process. From 550C onwards, the weight increase began, which
meant that the oxidation of Sn occurred simultaneously. Based on the results of
Fig.6.1b, we calculated that the amounts of Sn in C@Sn@N-doped carbon-I,
C@Sn@N-doped carbon-II, and C@Sn@N-doped carbon-III % were 50.3%, 62.6%,
and 70.7%, respectively.
To measure the interactions among the N-doped carbon, the Sn, and the C@Sn@Ndoped carbon, the chemical status of elements was analysed via X-ray photoelectron
spectroscopy (XPS). By comparing Fig.6.2a and 6.2e, we can find an obvious change in
the Sn peak from N-doped carbon to the composites. All the peaks for C, N, and Sn in
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Figure 6.1 XRD patterns of all three samples along with pure tin and N-doped carbon
(a). TGA curves of pure Sn particles and N-doped carbon in air (b), and of C@Sn@Ndoped carbon composites in air (c).
C@Sn@N-doped carbon-II appear in the XPS survey spectrum. The Sn3d XPS spectrum
of Sn and C@Sn@N-doped carbon-II were obtained to analyse the change in the
chemical state of Sn before and after reduction.
In Fig. 6.2c and 6.2g, by comparing the positions of the two peaks for Sn 3d for pure
Sn and the composite, it is clear that they all display the same binding energy interval of
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Figure 6.2 XPS survey spectra: (a) N-doped carbon, (e) C@Sn@N-doped carbon-II (Sn
62.6%); XPS high resolution spectra: (b) N1s for N-doped carbon, (f) N1s for C@Sn@Ndoped carbon-II (Sn 62.6%), (c) Sn3d for pure Sn, (g) Sn3d for C@Sn@N-doped carbonII (Sn 62.6%). (d) C1s for N-doped carbon, (h) C1s for C@Sn@N-doped carbon-II
(Sn62.6%).
8 eV, which is in accordance with the energy splitting of Sn.19 For bare Sn, the peaks
found at 485.9 eV and 494.9 eV correspond to the 3d5/2 and 3d3/2 peaks of Sn.20 When
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Sn was coated with N-doped carbon, the Sn3d peaks were shifted to higher binding
energies, i.e., 486.3 eV and 495.3 eV. These changes in the peak positions were
obviously affected by the presence of N-doped carbon, and in terms of conductivity, the
bare Sn is better than the N-doped carbon.21,22 In the C1s spectra for N-doped carbon
(Fig.6.2d) and C@Sn@N-doped carbon-II (Fig.6.2h), no new peaks appeared, which
means that C–Sn bonds do not exist. These spectra also showed that the peaks
corresponding to C=N, C-OH, O=C-N in C1s from N-doped carbon to C@Sn@N-doped
carbon-II shifting to higher binder energy. There also showed the peaks corresponding
to C=N, C-OH, and O=C-N in C1s were shifted to higher binding energy from N-doped
carbon to C@Sn@N-doped carbon-II. This was mainly because when C@Sn particles
were coated with N-doped carbon, the electronic conductivity of the C@Sn@N-doped
carbon-II was lower than that of the N-doped carbon shown on Fig.6.6f. Similar
phenomena can be found in a previous report.21 From the N1s spectrum for N-doped
carbon (Fig.6.2b) and C@Sn@N-doped carbon-II (Fig.6.2f), we can see that pyridinic
(N-6), pyrrolic/pyridone (N-5), and quaternary (N-Q) nitrogen are all present. Table 6.1
displays the content ratio changes for pyridinic N, pyrrolic N, and quaternary N from Ndoped carbon to C@Sn@N-doped carbon respectively. These results reveal that no
chemical reaction took place in the synthesis process and that all components are bound
together by van der Waals forces.
Table 6.1 Nitrogen configurations derived from peak analysis of N 1s in N-doped
carbon and C@Sn@N-doped carbon (Sn 62.6%)

Sample

Quaternary %

Pyrrolic %

Pyridinic %

N-doped carbon

52.32

28.31

19.37

C@Sn@N-doped carbon-II

56.26

20.13

23.61

(Sn 62.6%)
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The morphology changes from N-doped carbon to the precursor SnO2@N-doped
carbon composites were investigated by scanning electron microscopy (SEM). The
image of N-doped carbon shows strip-like 3-D structured tubes with relatively smooth
surfaces in Fig.6.3a and 6.3b. For SnO2@N-doped carbon-I, SnO2@N-doped carbon-II,
and SnO2@N-doped carbon-III, in Fig.6.3c, 6.3e, and 6.3g, rough surfaces can be easily
found, and the diameter of the composite tubes has obviously increased compared with
N-doped carbon. These images clearly demonstrate that the SnO2 nanoparticles are
uniformly distributed on the N-doped carbon tubes.
Fig.6.3 also displays the differences in morphology between SnO2@N-doped carbon
and C@Sn@N-doped carbon composites. By comparing the images shown in Fig.6.3d,
6.3f, and 6.3h, we can find that after the resorcinol-formaldehyde (RF) coating and the
carbonization in the following reduction, the surface of the C@Sn@ N-doped carbon
composite has become much smoother than for the precursor SnO2@N-doped carbon.
This phenomenon is due to the very small carbon nanoparticles covering the surfaces of
the Sn particles. The size of the carbon particles is much smaller than that of the SnO 2
particles.
The homogeneity of the element composition was also measured by energy
dispersive X-ray spectroscopy (EDS) mapping. From the elemental mapping images of
C, N, and Sn as displayed in Fig.6.4, it can be clearly observed that there is a uniform
distribution of Sn on the N-doped carbon tubes.
The changes in the structure between the N-doped carbon and the C@Sn@N–doped
carbon composites were further investigated by using transmission electron microscopy
(TEM). As displayed in Fig.6.5a, the N-doped carbon tube is open on one end and
sealed on the other end. This property is beneficial for stable anchoring of the Sn
particles on the tube. Before the coating with Sn, the diameter of the N-doped carbon
tubes was no greater than 300 nm. From the images of the three composites (Fig.6.5b,
6.5c, and 6.5d), obvious changes in the diameter of the tubes can be observed. The
diameters for the three samples were significantly increased to about 350 nm, 470 nm,
and 640 nm, respectively. Fig. 5e shows the (200) and (301) lattice fringes, which were
measured to have spacing of 0.29 and 0.165 nm, respectively. Furthermore, pure phase
Sn can be identified on the selected area electron diffraction (SAED) pattern (Fig.6.5f),
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Figure 6.3 SEM images of (a,b) N-doped carbon at different magnifications, (c)
SnO2@N-doped carbon-I, (d) C@Sn@N-doped carbon-I (Sn 50.3%), (e) SnO2@Ndoped carbon-II, (f) C@Sn@N-doped carbon-II (Sn 62.6%), (g) SnO2@N-doped
carbon-III, (h) C@Sn@N-doped carbon-III (Sn70.7%).
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Figure 6.4 Dark field image of C@Sn@N-doped carbon-II (Sn 62.6%) (a),
corresponding

EDS mappings of C (b), N (c), and Sn (d) in C@Sn@N-doped carbon-

II (Sn 62.6%).
which is indexed to the diffraction peaks of the (200), and (301) planes as shown on the
XRD patterns.
The cycling performances of the C@Sn@N-doped carbon-I, C@Sn@N-doped
carbon-II, and C@Sn@N-doped carbon-III composites at a current density of 100 mA
g-1, within a cut-off voltage range of 0.01-1.5 V (vs. Na/Na+) over 150 cycles, are
displayed in Fig.6.6a. The reversible charge capacities of the C@Sn@N-doped carbonI, C@Sn@N-doped carbon-II, and C@Sn@N-doped carbon-III composites are 303.5,
398.4, and 340 mAh g-1, respectively, after 150 cycles, corresponding to 55.8%, 67.3%,
and 50.3% of their initial charge capacities. From this trend, we can find that
C@Sn@N-doped carbon-II has the best reversible charge capacity and capacity
retention. In the case of C@Sn@N-doped carbon-I, due to the lesser amount of Sn, the
charge capacity is the smallest, but its capacity retention is higher than that of
C@Sn@N-doped carbon-III. As for C@Sn@N-doped carbon-III, even though it has the
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Figure 6.5 TEM image of N-doped carbon tube (a), low magnification TEM images of
C@Sn@N-doped carbon-I (Sn 50.3%) (b), C@Sn@N-doped carbon-II (Sn 62.6%) (c),
C@Sn@N-doped carbon-III (Sn 70.7%) (d), high magnification image (e) and SAED
pattern (f) of C@Sn@N-doped carbon-II (Sn 62.6%).
biggest amount of Sn and the highest initial charge capacity, the capacity fading is
apparent. This phenomenon can be attributed to the agglomeration caused by the
presence of more Sn particles. In this regard, the coating carbon and the N-doped carbon
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Figure 6.6

Cycling performances of the C@Sn@N-doped carbon composites (a);

Cycling performance comparison of C@Sn@N-doped carbon-II (Sn 62.6%), N-doped
carbon, and pure Sn particles (b); Rate capability of C@Sn@N-doped carbon
composites (c); Charge-discharge curves for the first 3 half cycles of C@Sn@N-doped
carbon-II (Sn 62.6%)(d); Cyclic voltammograms for the first 5 cycles of C@Sn@Ndoped carbon-II (Sn 62.6%) (e); Impedance plots of fresh N-doped carbon, C@Sn@Ndoped carbon-II (Sn 62.6%), and bare Sn particle electrodes, and plots after 150 cycles.
Inset is the equivalent circuit model for the analysis (f).
also take on indispensable roles. First, the coating carbon layer can hold back the
agglomeration of Sn nanoparticles and provide a good tensile force to alleviate the
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volume expansion of Sn nanoparticles during the continuous sodiation/desodiation
processes. On the other hand, the N-doped carbon matrix, due to its porous structure
with large surface area ensures the uniform dispersion of Sn nanoparticles. At the same
time, N-doped carbon with its 3-D structure also provides short ion/electron pathways to
promote the diffusion of the Na+ ion into the internal spaces of the composites.
Furthermore, the good structural robustness of N-doped carbon is very useful for
accommodating the huge volume changes in the charging/discharging process and
mitigating the pulverization of the electrode. Therefore, the best reversible charge
capacity and capacity retention come from the optimum ratio of Sn with respect to the
carbon layer and N-doped carbon.
To distinguish the contributions of the N-doped carbon substrate and the bare Sn to
the electrochemical properties of the C@Sn@N-doped carbon composites, the three
samples were also tested with the same current density and cut-off voltage, as shown in
Fig.6.6b. The preserved capacity of the N-doped carbon was about 125.6 mA h g-1 after
150 cycles. The contribution of pure Sn particles to the capacity of the C@Sn@Ndoped carbon composites can be neglected due to their strong agglomeration during
cycling. In Fig.6.6b, we also find that the coulombic efficiency for C@Sn@N-doped
carbon-II is close to 100%, starting from the second cycle, demonstrating that
electrons/Na ions were no longer being captured in parasitic reactions, which could be
maintained by further electrolyte degeneration.
Furthermore, the rate capabilities of the C@Sn@N-doped carbon-I, C@Sn@Ndoped carbon-II, and C@Sn@N-doped carbon-III composites were investigated by
augmenting the current density step by step from 50 mA g-1 up to 2 A g-1 and finally
returning to 100 mA g-1. The cycling performances of all the composites with different
current densities are shown in Fig.6.6c. In the case of C@Sn@N-doped carbon-I, the
reversible charge capacity decreased from 610.6 (50 mA g-1), to 546.2 (0.1A g-1), 437.2
(0.2 A g-1), 327.3 (0.4 A g-1), 233.6 (0.8 A g-1), 177.4 (1 A g-1), and 117.1 mAh g-1 (2
A g-1), respectively, and then it increased to 559.1 mAh g-1 (recovering 99.9 % of its
initial capacity) after 70 cycles when the current density was returned to 0.1 A g-1. The
rate capability of C@Sn@N-doped carbon-II displayed the highest reversible charge
capacity among the composites. The values changed according to the following trend,
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647.2 (50 mA g-1), to 579 (0.1 A g-1), 463.4 (0.2 A g-1), 347 (0.4 A g-1), 247.6 (0.8 A g1

), 188.1 (1 A g-1), and 124.1 mAh g-1 (2 A g-1). When the current density was returned

to 0.1 A g-1, the capacity recovered to 592.8 mAh g-1 (regaining 99.9 % of its initial
capacity) after 70 cycles. As for C@Sn@N-doped carbon-III, it displayed much higher
capacity at low current density. With increasing current rate, the capacity declined more
quickly, and it showed very poor recovery capability compared to the other composites.
The results are as follows: 758.1 (50 mA g-1), to 670.1 (100 mA g-1), 549.5 (200 mA g1

), 371.4 (400 mA g-1), 235.2 (800 mA g-1), 178.6 (1 A g-1), and 117.9 mAh g-1 (2 A g-

1

). After the current rate was restored to 0.1 A g-1, the capacity could only reach 436.5

mAh g-1 (very low capacity retention, recovering only 64.3% of its initial capacity) after
70 cycles.
A comparison of the performance of C@Sn@N-doped carbon with some C/Snbased anode materials is presented in Table 6.2. From there, it can be seen that the
overall performance of the C@Sn@N-doped carbon is very good in terms of reversible
capacity (398.4 mA h g-1 at 100 mA g-1), although it is not the very best performance.
Fig.6.6d displays the discharge–charge voltage profiles of the initial three half cycles
for C@Sn@N-doped carbon-II. The 1st half cycle discharge and 2nd half cycle charge
capacities of the C@Sn@N-doped carbon-II composite electrode are 1283.1 and 593.3
mAh g-1, respectively, delivering an initial coulombic efficiency of 46%. This is
believed to be due to the creation of a solid electrolyte interphase (SEI) film between
the Sn nanoparticles and the electrolyte.
To analyze the electrochemical reactions occurring in the C@Sn@N-doped carbon-II
electrode, cyclic voltammetry (CV) was conducted. It can be observed in Fig.6.6e, there
is a cathodic slope from 1.38 to 1.05 V in the first negative scan, which is attributed to
the interaction between Na+ and the surface functional groups of carbon.13 In the
following cathodic scan, a broad integrated peak starting at 0.75 V and ending at 0.3V
can be detected, which is assigned to the formation of the SEI layer, with the alloying
between Sn and Na forming NaSn5 and, NaSn, and promoting Na+ insertion into carbon.
The two weakly reductive peaks appearing at 0.2 and 0.01 V indicate the formation of
Na9Sn4 and Na15Sn4.23.24 In the following anodic scan, three well-defined oxidative
peaks can be observed at 0.2, 0.55, and 0.7 V, which are assigned to de-sodiation from
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Table 6.2 Performance comparison of our current work with previously published
reports related to C/Sn-based anode materials for SIBs.
Materials

Rate performance

Sn/Cu Nanocomposite

126 mA h g −1

C/Sn/Ni/TMV

Reversible capacity

420 mA h g−1

at 1.69A g−1

at 169 mA g−1

------

405 mA h g −1

Cycles

Ref.

100

[8]

150

[9]

at 50 mA g −1
Sn@Wood fiber

------

145 mA h g−1

400

[10]

100

[11]

500

[12]

15

[23]

at 84 mA g −1
Sn@CNT-CP

8-Sn@C

Porous C/Sn

299 uA h cm-2

377 uA h cm-2

at 1 mA cm-2

at 0.5 mA cm-2

349 mA h g −1

415 mA h g −1

at 4A g −1

at 1A g −1

------

200 mA h g−1

at 20 mA g−1
C@Sn@N-doped carbon

124.1 mAh g-1
at 2 A g-1

398.4 mA h g −1

150

this study

at 100 mA g −1

Na9Sn4, NaSn, and NaSn5, respectively. From the second cathodic scan, three dominant
reduction peaks appearing at 0.75 V, 0.2 V, and 0.01 V are considered to be due to the
formation of NaxSn, Na9Sn4, and Na15Sn4.25 The above analysis results are very similar
to the results from the charge–discharge curves of the C@Sn@N-doped carbon-II
electrode shown in Fig.6.6d.
By conducting electrochemical impedance spectroscopy (EIS), we further analysed
the effects of N-doped carbon towards improving the cyclability of C@Sn@N-doped
carbon electrode, which had better retention of electronic conductivity than the bare Sn
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electrode. Fig.6.6f. displays the Nyquist plots, with the insert showing the equivalent
electrical circuit, wherein, the total resistance of the electrolyte and cell components is
represented by Ri. The charge transfer resistance (Rct), appearing as the depressed
semicircle in the high frequency range, reflects the impedance connected to the passage
of the Na+ ions through the film surface and the charge transfer between the active
material and the electrolyte. The Warburg impedance (W) can be found from the sloping
line located in the low frequency region. It is attributed to the charge transfer due to
sodium ion diffusion inside the active material or electrolyte. The constant phase
element (CPE) is used to replace the pure capacitance. It can be observed that the charge
transfer resistance (Rct) of bare Sn has changed significantly between the fresh electrode
and after 150 cycles. The value increased from 230.3 to 906.9 Ω. This result is
consistent with the changes in the morphology of the Sn electrode after cycling, as
shown in Fig.7.7b and 7.7d, where the morphology of the bare Sn electrode after cycling
features very obvious cracks. For C@Sn@N-doped carbon-II, the charge transfer
resistance (Rct) changed slightly from 284.1 to 328.9 Ω after experiencing cycling from
the fresh cell to over 150 cycles. This small change demonstrates that the C@Sn@Ndoped carbon-II electrode can maintain its electrical conductivity very well. As shown
in Fig.6.7a and 6.7c, there are no obvious cracks in the C@Sn@N-doped carbon
composite electrode after cycling, which is attributed to the 3-D structural features of
C@Sn@N-doped carbon-II, which provides void space between the tubes that could
withstand the large volume expansion during charging/discharging. Furthermore, the
homogeneous distribution of Sn nanoparticles on the surface of the N-doped carbon
matrix is also an important factor in providing homogeneity to the whole composite, so
as to keep the electrochemical properties stable. The improved electrochemical
performance of the C@Sn@N-doped carbon composites compared with pure Sn is due
to the synergistic effects generated among the Sn nanoparticles, the carbon coating layer
on the surfaces of the Sn nanoparticles and the N-doped carbon conductive matrix.
Firstly, the Sn nanoparticles as the main active component are responsible for the main
contribution to the high specific capacity. Secondly, the carbon coating layer on the Sn
nanoparticles serves multiple functions: (i) The carbon coating layer acts as an adhesive
interface to bind the Sn nanoparticles and the N-doped carbon network together to form
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Figure 6.7 SEM images of C@Sn@N-doped carbon-II (Sn 62.6%) composite
electrodes before the charge/discharge testing (a), after 150 charge/discharge cycles (c);
Fresh Sn particle electrode (b), and Sn particle electrode after 150 cycles (d).
a conducting matrix to improve the conductivity of the composite; (ii) The carbon
coating layer can withstand the large volume expansion of the electrode in the process
of cycling to maintain the integrity of the electrode; (iii) The carbon coating layer
prevents agglomeration of Sn nanoparticles during cycling to improve cycling stability.
Lastly, the N-doped carbon network with 3-D structure not only enables sufficient
infiltration of electrolyte, but also provides more reactive sites arising from the nitrogen
doping.26 Furthermore, the N-doped carbon can contribute capacity to the Na-ion
batteries, as shown in Fig. 6b. Therefore, the C@Sn@N-doped carbon composites
exhibit improved electrochemical performance, resulting from both the structure of the
carbon coated Sn nanoparticles and the continuous 3-D reaction network formed by the
N-doped carbon.

6.4. Conclusions
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In summary, C@Sn@N-doped carbon composites were obtained with Sn particles
confined in the framework of N-doped carbon via an easy, convenient, and
environmentally friendly approach. The 3-D structured C@Sn@N-doped carbon tube
network exhibited good electrochemical properties as a candidate anode that could be
applied in SIBs, in terms of its cycling performance (up to 150 cycles), with 99.7%
coulombic efficiency and good rate capability. The initial charge capacity was restored
to 99.7% after continuous current alteration from 50 mA g-1 to 2 A g-1. The good
experimental results are mainly attributed to the homogeneous distribution of carbonencapsulated Sn nanoparticles on the N-doped carbon matrix with its distinct 3-D
structure, which plays the role of alleviating the stress caused by the volume expansion
of the electrode during the charge/discharge process. From another aspect, the carbon
coating on the surfaces of the Sn nanoparticles can maintain the stability of the electrode
structure by inhibiting the growth and agglomeration of Sn grains and reducing the
polarization effect. Therefore, the results clearly demonstrate that the improved
electrochemical performance of the C@Sn@N-doped carbon composites benefits from
the synergistic effect generated among the carbon coated Sn nanoparticles and the Ndoped carbon conductive matrix, which makes it possible to obtain the best utilization
of Na+ during insertion/extraction.
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Chapter 7
General Conclusions and Outlook
7.1. General Conclusions
This doctoral work investigates some promising anode materials for SIBs,
phosphorus-based and tin–based electrodes, chosen for their potential high capacity for
sodium storage and ability to sustain long-term cycling. By adopting a facile CVD
method, phosphorus/N-doped carbon nanofiber composite was prepared. Through a
simple hydrothermal approach, 3-D structured SnO2–polypyrrole nanotubes and carbonencapsulated Sn@N-doped carbon nanotubes were fabricated. Both phosphorus-based
and tin–based composites were combined with conductive N-doped carbon nanofibers
or PPy nanotubes and showed improved electrochemical performance owing to their
stable 3-D structured matrix, which played the role of alleviating the stress caused by
the volume expansion of the electrode during the charge−discharge process.

7.1.1. A phosphorus/N-doped carbon nanofiber (P/NCF)
P/NCF was fabricated via a simple CVD approach adopting N-doped carbon
nanofibers as the matrix to host the red phosphorus nanoparticles. The P/NCF
composite electrode exhibited a high reversible capacity of over 850 mA h g-1 in the
first 10 cycles and maintained a reversible capacity of 731 mA h g-1 after 55 cycles. The
N-doped carbon nanofibers play a crucial role in the P/NCF composite. The N-doped
carbon fibers with porous structure can effectively alleviate the enormous stresses from
the volume expansion of the P particles and reduces the pulverization of particles. On
the other hand, the presence of nitrogen species on the carbon surface can lead to a
pseudo-capacitive interaction between the electrolyte ions and the nitrogen-containing
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functional groups, enhancing capacity, surface wettability, and electronic conductivity.
My work gives clear evidence of the utility of N-doped carbon fiber for enhancing the
electrochemical performance of red phosphorus as an anode material for sodium-ion
batteries.

7.1.2. SnO2–polypyrrole nanotubes (SnO2–PPy nanotube)
SnO2–PPy nanotube was prepared by a facile hydrothermal method. The PPy tubes
were adopted as the substrate material, and the active SnO2 nanoparticles were anchored
on their surfaces. The obtained 3-D structured SnO2–PPy nanotube network
demonstrated good performance as an anode for application in SIBs, especially with
regards to the cyclability (over 150 cycles), with a high coulombic efficiency of 99.6%
and good rate capability, recovering up to 99.7% of the initial charge capacity after
several current variation cycles from 50 mA g-1 to 1 A g-1. These outcomes are
attributed to the uniform coating of nanoscale tin dioxide particles on the PPy matrix
with its unique 3-D structure, which can significantly improve the electronic
conductivity of composites and acts as a buffer to alleviate the strain resulting from the
volume changes in the electrode during cycling.

7.1.3. Carbon-encapsulated Sn@N-doped carbon tubes (C@Sn@NDoped Carbon)
C@Sn@N-Doped Carbon nanotube composite with 3-D structure was obtained via
a user-friendly hydrothermal method taking N-doped carbon nanotubes as the substrate
and confining the Sn nanoparticles on their surfaces. The C@Sn@N-doped carbon
nanotube network displayed the good reversible capacity of 398.4 mAh g−1 on
discharging at 100 mA g-1, with capacity retention of 67.3 % and very high Coulombic
efficiency of 99.7% after 150 cycles. Meanwhile, good rate capability was also obtained,
based on varying the current density from 50 mA g-1 to 2 A g-1 during cycling. The
good experimental results are mainly attributed to the homogeneous distribution of
carbon-encapsulated Sn nanoparticles on the N-doped carbon matrix with its distinct 3-
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D structure, which plays the role of alleviating the stress caused by the volume
expansion of the electrode during the charge/discharge process. From another aspect,
the carbon coating on the surfaces of the Sn nanoparticles can maintain the stability of
the electrode structure by inhibiting the growth and agglomeration of Sn grains and
reducing the polarization effect. The results clearly demonstrated that the improved
electrochemical performance of the C@Sn@N-doped carbon composites benefits from
the synergistic effect generated between the carbon coated Sn nanoparticles and the Ndoped carbon conductive matrix, which makes it possible to obtain the best utilization
of Na+ during insertion/extraction.

7.2. Outlook
This doctoral work mainly focused on facile preparation strategies for phosphorus or
tin-based anode materials and on characterizing their electrochemical performance in
SIBs. The investigated materials all possess the outstanding advantages of non-toxicity,
high specific capacity, and low cost, making them promising electrode candidates for
SIBs. The synthesis methods utilized in this doctoral work were just simple CVD and
hydrothermal methods. The morphologies of all these materials are 3-D structures. This
not only provides good structural robustness and short ion/electron diffusion pathways,
but also promotes the diffusion of the electrolyte into the inner spaces of the material, as
well as providing sufficient open channels for fast Na+ migration. To improve the
cycling performance of the electrode materials in SIBs, the main strategies used in this
doctoral work involved forming alloy compounds or composites with carbon. The
shortcoming of this strategy is that inactive carbon and metal materials are introduced,
reducing the total specific capacity of the electrodes. Therefore, in future work, I will
focus on optimizing the structure of N-doped carbon with other transition metal
elements.
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